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SUMMARY 

A critical-flow factor for gaseous nitrogen and helium flowing through critical-flow 
nozzles has been calculated. This factor provides a convenient means for determining 
the mass-flow rate of these gases through critical-flow nozzles. In addition, the results 
include the nozzle throat velocity, the compressibility factor, the entropy, the enthalpy, 
the specific heat, the specific-heat ratio, the speed of sound, and the critical pressure, 
density, and temperature ratios. These results are tabulated as functions of the plenum 
pressure and temperature. The pressure range is to 300x10^ newtons per square meter 
(approx. 300 atm). For nitrogen, the temperature range is from 100 to 400 K. For he- 
lium, the range is from 15 to 400 K. 

The FORTRAN IV subroutines used to calculate these results are also included. 
These routines permit three different sets of independent variables. In addition to the 
plenum pressure and temperature, the other independent variable is either the nozzle 
exit pressure, the nozzle exit Mach number, or the nozzle exit temperature. 


INTRODUCTION 

In recent years, a number of methods have been developed for calculating the mass- 
flow rate of nonideal gases through nozzles. These methods assume the flow to be one- 
dimensional and isentropic. In reference 1, the authors present tables of the compres- 
sible flow functions for the one -dimensional flow of air. Reference 2, using the state 
equations of reference 3, presents tables for air, nitrogen, oxygen, normal hydrogen, 
parahydrogen, and steam that permit the calculation of the isentropic mass-flow rate of 
these gases through critical-flow nozzles. A critical-flow nozzle is one that operates 
with a throat Mach number of 1. Reference 2 refers to a number of other reports that 



describe other methods for making this type of calculation. 

Recently there has been a need to calculate the mass-flow rate of helium and nitro- 
gen at pressures greater than have been previously reported. This need arises from the 
use of these as driver gases for the propellant feed in vernier -control space thrusters. 
These gases are commonly stored at pressures of the order of 250xl0 5 newtons per 
square meter. Nitrogen is one of the gases treated in reference 2, but the pressure 
range is only to 100x10^ newtons per square meter. Helium is one of the gases treated 
in reference 4, but again the pressure range is only to 100x10 newtons per square meter. 

This report presents a critical-flow factor that permits the isentropic mass-flow 

rate of nitrogen and helium through critical-flow nozzles to be calculated from plenum 

conditions. For the case of nitrogen, the temperature range is from condensation to 

400 K. For helium, the temperature range is 15 to 400 K. For both gases, the pressure 
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range is from 0 to 300x10 newtons per square meter. 

As a result of these calculations, two groups of quantities are tabulated. The first 
group consists of quantities that depend on both the plenum conditions and the conditions 
in the nozzle throat, where the Mach number is 1. These quantities are 

(1) Critical flow factor 

(2) Nozzle throat velocity 

(3) Ratio of throat to plenum pressure 

(4) Ratio of throat to plenum density 

(5) Ratio of throat to plenum temperature 

The second group consists of thermodynamic point functions that depend only on 
plenum conditions. These are 

(1) Compressibility factor 

(2) Enthalpy 

(3) Entropy 

(4) Specific heat at constant pressure 

(5) Specific-heat ratio 

(6) Speed of sound 

In addition to these tabulations, a description of the calculation procedure is given 
in appendix B. Appendix C presents a description of the FORTRAN IV subroutines that 
were used to make these calculations. The listing of these subroutines is presented in 
appendix D. All symbols are defined in appendix A. 


ANALYSIS 

Basic Equations 

The calculations in this report make use of three basic relations. The first relation 
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describes the pressure-temperature-density behavior of the gas. This is represented by 
a compressibility factor Z which is a function of density and temperature and is defined 
as 


Z = Z(p, T) = — (1) 
pRT 

The second relation describes the specific heat of the gas at vanishing density where the 
compressibility factor equals 1. This specific heat is a function of temperature and is 
represented by 


C y = C V (T) = C p (T) - R (2) 

(In this report, an ideal gas is defined as one whose compressibility factor is 1 and 
whose specific heat is constant. ) The third relation describes the saturated vapor pres- 
sure as a function of temperature. This is represented by 

p sat = p sat^ T ) T — T c ^ 

For temperatures greater than critical, the fluid is always a gas for the pressures in- 
volved. (For T > T c , the saturation pressure can be considered to be infinite. ) Since 
this report is only concerned with the gaseous phase, equation (3) is merely used to con- 
firm that the fluid is a gas. This condition is represented by 


P < Psat (4) 

Working Equations 

Nitrogen . - The equations that follow were developed by the National Bureau of 
Standards (NBS) cryogenic laboratories in Boulder, Colorado and are given in refer- 
ence 5. The equation for the compressibility factor is equation (5) in reference 5 modi- 
fied by dividing both sides of the equation by pRT. The equation is further modified by 
changing the density units from gram-moles per liter to kilograms per cubic meter. 

The following equation results from these modifications: 
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Z(P ’T)'l + n + T + 5 + 5 + 5) P+ ( B6t ^) p2 + B 8p3+ ^ P 


Bn B 1 


rp3 rp4 


,2|( + ^2 + ni) + p 2f!l2 + !h + hi )|e^ 


|J»3 rp4 rp 5 


where 


A = -7. 135x10' 


Bg = 2.3102822x10' 


B 1 = 1.2034917x10' 


B g = 4. 9866482 


B 2 = -2. 5107891X10' 


B 10 = 1. 6771286x10*' 


Bg = -4. 9681584x10 


B n = -1.656225x10' 


B 4 = 3. 7073373x10* 


B 12 = -6. 5374809X10' 


B 5 = 1.496473x10* 


B 13 = 2. 4209108X10' 


B 6 = 2. 1027719X10' 


B 14 = -1.126389 


B 7 = -2. 4516046X10' 


B 15 = 1.1829604X10' 


The equation for specific heat at vanishing density C y is equation (4) in reference 5 
modified by dividing by R and subtracting 1 from the result. The modified equation is 
as follows: 


v 9^4 

— l = CKj + Q! 2 T + agT + a 4 T + « 5 T 


where T is in K and 


Q-j = 2.501146 


a 4 = -4. 437258x10' 


a 2 = -9.720581x10' 


a & = 6. 825596X10' 


o-g = -1.036056x10' 
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The relation between the saturated vapor pressure and temperature is equation (1) in 
reference 5 modified by changing the units of pressure from atmospheres to newtons per 
square meter. The following equation results: 


lo «10P S at = i l + ^ + i 3 T+ V 2 + J5 t3 * isT 4 * i? T5 <7 > 


where 


= 5.5335216 

j 5 = 2. 9857103X10 -5 

j 2 = -3.0507339X10 2 

j 6 = -1. 4238458X10" 7 

j 3 = 1. 6441101X10' 1 

j 7 = 2. 7375282X10' 10 

j 4 = -3. 1389205X10" 3 



Helium . - The equation for the compressibility factor is that developed by the NBS 
cryogenic laboratories in Boulder, Colorado and is equation (1) in reference 6. This 
equation is modified by dividing both sides by pRT. The equation is further modified by 
changing the density units from gram -moles per liter to kilograms per cubic meter. 

The equation that results from these modifications is as follows: 


Z(p,T) 




+ ?!V 

T 


+ 


fl6 p 5 

T 





e Ap 2 /T 


( 8 ) 


where 


A = -4. 057X10" 4 
Bj = 4.0665013X10' 3 
B 2 = -1. 1267764X10' 1 
B 3 = 2. 3039266X10' 2 
B 4 = -5.7468818X10" 2 
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B 5 = 1.3691368X10" 1 

B n = 7.6742661X10 -2 

Bg = 9. 7390626X10' 6 

B 12 - -8. 7904911X10 -7 

B ? = 7. 0543876x10"^ 

B 13 = 1. 9960611x10"® 

Bg = -5. 3854984X10' 6 

B 14 = -8. 1300167X10" 6 

B g = -3. 8053762X10" 3 

B 15 = 3. 6743583X10' 8 

B, q = 2. 625179X10' 2 

B 16 = -3.4049435X10" 1 - 


Since helium is monatomic, the specific heat at vanishing density is given by 

c v 

— =1.5 (9) 

R 

And since the temperatures involved for these calculations are always greater than criti- 
cal, the helium is always in the gaseous phase for the pressures involved. 


Calculations of Plenum Thermodynamic Functions 

These functions are the compressibility factor, enthalpy, entropy, specific heat at 
constant pressure, specific -heat ratio, and speed of sound. The basic equations that are 
used to evaluate these functions follow. The working equations are listed in appendix B. 
Compressibility factor . - This function is evaluated by use of equations (5) or (8). 
Enthalpy and entropy . - These equations, which are derived from equations (6) and 
(7) in reference 5, are 
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The temperature integrals in equations (10) and (11) are indefinite integrals whose con- 
stants of integration are included in K H and K g , respectively. The values of K H and 
Kg depend on the choice of the fluid reference state; K R and K g are chosen such that 
when the fluid is at this reference state the values of enthalpy and entropy are zero. The 
reference state for nitrogen is the triple point (i. e. , T = 63. 156 K, P = 0. 1253X10 5 
N/m ), which is that used in reference 5. The reference state for helium is the liquid at 
a temperature of 0 K and a pressure of 0 newtons per square meter. This reference 
state is the same as that used in reference 6. 

Specific heat at constant pressure . - This function is given by 



Specific -heat ratio . - This function is given by 



Speed of sound . - This function is given by 



where k is the isentropic exponent and is defined by 



Calculation of Nozzle Throat Thermodynamic Functions 

These quantities are the critical-flow factor, nozzle throat velocity, ratio of throat 
to plenum pressures, ratio of throat to plenum densities, and ratio of throat to plenum 
temperatures. 
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Critical-flow factor. - The critical-flow factor C* is defined by the following equa- 


tion: 


C* = 



(16) 


The mass-flow rate per unit area G t is determined by the methods of reference 2. The 
assumptions involved in this calculation are 

(1) The flow from the plenum to the nozzle throat is isentropic. 

(2) The flow is one -dimensional. 

(3) The Mach number in the nozzle throat is 1 (i. e. , the nozzle is choked). 

If, in addition to these assumptions, the specific heat of the gas is constant and the 
compressibility factor of the gas is 1 (i. e. , the gas is ideal), the ideal-gas, critical-flow 
factor C* is constant for a given gas and is represented by 




J(y i +i)/(y i -i)| 



1/2 


(17) 


where C? has a value of 0. 6848 for nitrogen where y i = 1. 4 and 0. 7262 for helium 
where y. = 5/3. 

Nozzle throat velocity . - The nozzle throat velocity is also equal to the speed of 
sound in the nozzle throat since the Mach number is 1. This is evaluated by use of 
equation (14). 

Throat to plenum pressure, density, and temperature ratios . - These ratios are 
directly calculated through knowledge of the pressure -density-temperature state of the 
gas at both the plenum and the nozzle throat locations. 

Although these functions are calculated by the methods of reference 2, the iteration 
procedures for calculating the plenum density, the nozzle throat density, and the nozzle 
throat temperature are different. A description of these procedures is given in appen- 
dix B. The procedures in this report permit calculation at pressures close to those that 
cause condensation. This calculation could not be done by the methods of reference 2. 


RESULTS AND DISCUSSION 

Calculations were performed for nitrogen and helium. For both gases, the calcula- 
tions yielded 
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(1) Critical-flow factor, C* = * V RT o 

p 0 

(2) Nozzle throat velocity, v^. in m/sec 

(3) Critical pressure ratio, P t /p Q 

(4) Critical density ratio, P t /P G 

(5) Critical temperature ratio, T. /T 

V O 

(6) Compressibility factor, Z Q = P 0 /P o RT o 

(7) Enthalpy, H Q /R in K 

(8) Entropy, S Q /R 

(9) Specific heat, C /R 

p, o 

(10) Specific -heat ratio, y Q = C p 0 /C y Q 

(11) Speed of sound, a Q in m/sec 

The values of the specific gas constant R is 296.774 square meters per square sec- 
ond per K for nitrogen and 2077. 15 square meters per square second per K for helium. 

The tables for the critical-flow f actor permit the calculation of the isentropic mass- 
flow rates per unit area by means of equation (16). This factor is plotted in figure 1 for 
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the case of nitrogen to indicate the extent of deviation of this factor from the value it 
would have if nitrogen were an ideal gas with a specific-heat ratio of 1. 4. The actual 
mass-flow rate m of a gas through a critical-flow nozzle of geometric throat area A t 
is given by 

m = C D A t G t (18) 

The discharge coefficient C D mainly represents the effects of the nonisentropic and 
non -one -dimensional flow in the boundary layer of the nozzle. The discharge coefficient 
is generally determined by a nozzle calibration and is usually plotted as a function of 
Reynolds number. Typical values of C D are between 0. 96 and 1. The results for the 
nozzle used in reference 7 indicate that C ^ is independent of Mach number in the range 
from 0. 2 to 1. Since this indicates that compressibility effects on the discharge coeffi- 
cient are negligible for flows up to critical, the real-gas effects on the discharge coeffi- 
cient should also be negligible for flows up to critical. 

The maximum nozzle throat pressure to maintain critical flow in the nozzle can be 
easily determined by multiplying the plenum pressure by the tabulated values of the 
critical pressure ratio. The pressure -temperature -density state of the gas at the noz- 
zle throat can be determined from the plenum conditions by use of the tables of the criti- 
cal density and temperature ratios. The speed of sound in the nozzle throat is the same 
as the tabulated value of the nozzle throat velocity. 

All the tables in this report contain at least one nonsignificant figure, which aids in 
tabular interpolation. 

The results for the two gases are discussed in the following paragraphs. 


Nitrogen 

The results for nitrogen are presented in tables 1(a) to (k) for pressures up to 
300X10 5 newtons per square meter and temperatures that range from 100 to 400 K. The 
state equation (eq. (5)) used in this report was developed in reference 5 from pressure - 
volume-temperature data representing pressures up to 300x10^ newtons per square 
meter and temperatures up to 350 K. The root -mean -square error in calculating the 
compressibility factor is quoted as 0. 2 percent in reference 5. This error would, of 
course, be larger if only regions near saturation were considered. The errors in de- 
rived functions such as specific heat are estimated to be under 5 percent. 

Since the state equation (ref. 5) used for the calculations in this report does not rep- 
resent data above 350 K, the functions calculated from this equation in the region from 
350 to 400 K represent an extrapolation. A comparison of this data with that tabulated 
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in reference 3 indicates that this extrapolation is good to within 0. 3 percent in both the 
compressibility factor and the specific heat at pressures up to 100xl0 5 newtons per 
square meter. Because of the form of the state equation and the fact that the extrapola- 
tion is toward higher temperatures, the extrapolation should be valid to 300xl0 5 newtons 
per square meter. 


Helium 

The results for helium are given in tables 11(a) to (k) for pressures up to 300x10^ 
newtons per square meter and temperatures that range from 15 to 400 K. The state 
equation in this report was developed in reference 6 from data representing pressures 
up to 100x10 newtons per square meter and temperatures that ranged from 2. 5 to 570 K. 
In the temperature range from 10 to 300 K, reference 6 estimates that the calculated 
values of enthalpy and entropy are accurate to within 3 percent, and the specific heat is 
accurate to within 5 percent. 

Since the state equation (ref. 6) used for the calculations in this report represents 
data whose pressures extend only to 100x10"* newtons per square meter, the functions 
calculated from this equation at pressures greater than 100xl0 5 newtons per square 
meter represent an extrapolation. For temperatures greater than 20 K, reference 8 
states that this extrapolation is good to 1300xl0 5 newtons per square meter. 

A comparison of the compressibility factor calculated from the experimental data 
in reference 8 with the compressibility factor calculated from equation (8) indicates that 
this extrapolation is valid for temperatures greater than 15 K and pressures up to 
300x10 newtons per square meter. 


Subroutines 

In addition to the tables presented in this report, the FORTRAN IV subroutines used 
to compute these tables are described in appendix C and are presented in appendix D. 
While the tables in this report are for critical flow, the subroutines used to compute 
these tables are more versatile. In fact, they can be used to compute either subsonic 
or supersonic isentropic flow functions for three different sets of independent variables. 
All three sets of these variables include the plenum pressure and the plenum tempera- 
ture. The third independent variable is one of the following: 

(1) Nozzle exit Mach number 

(2) Nozzle exit pressure 

(3) Nozzle exit temperature 
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It should be noted that for critical flow, the downstream nozzle reference station is al- 
ways the nozzle throat. For supersonic flow this would not be true. Thus, in the de- 
scriptions of the calculation procedures in appendixes B and C, the downstream nozzle 
reference station is referred to as the nozzle exit. 

CONCLUDING REMARKS 

The tables of the critical-flow factor in this report provide a means for calculating 
the one -dimensional isentropic mass-flow rate of nitrogen and helium through critical- 
flow nozzles. For nitrogen, this critical-flow factor ranges from its ideal-gas value of 
0. 648 to a value of 1. 196 at 155 K and 140X10 5 newtons per square meter. For helium 
the range is from 0. 483 at 15 K and 300xl0 5 newtons per square meter to a value of 
0.814 at 15 K and 30x10^ newtons per square meter. The ideal-gas, critical-flow factor 
for helium is 0. 726. This indicates that significant errors would occur if the ideal-gas 
values of the critical-flow factor were used in mass-flow calculations. 

The subroutines in this report have been used to reduce calibration data for critical- 
flow nozzles. The design of these subroutines permits easy modification for other gases. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, August 22, 1968, 

128-31-06-77-22. 
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APPENDIX A 


a 

C* 

C D 

c p 





C 


V 



G 

H 

% 

*8 

k 

M 

m 

P 


SYMBOLS 


2 

nozzle throat area, m 
speed of sound, m/sec 

p sat 


critical-flow factor 

discharge coefficient 

R 


specific heat at constant 
pressure, J/(kg)(K) 

specific heat at constant 

S 

T 


pressure for a gas at 

T c 


vanishing density, 
J/(kg)(K) 

specific heat at constant 
volume, J/(kg)(K) 

T sat 


specific heat at constant 

V 


volume for a gas at 

z 


vanishing density, 

Z T , . . 

. . z, T . 

J/(kg)(K) 

mass-flow rate per unit 

r 

* v; 

area, kg/(m^)(sec) 
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enthalpy, J/kg 

P 


constant in enthalpy 
equation, K 

Subscripts: 

constant in entropy 

c: 


equation 

i 


isentropic exponent 

0 


Mach number 

t 


mass-flow rate, kg/sec 

2 

pressure, N/m 

i,. . , 

.,n-l, 


minimum pressure at 
which condensation oc- 
curs for given temper- 
o 

ature, N/m 

2 2 

gas constant, m /(sec )(K) 

entropy, J/(kg)(K) 

temperature, K 

critical temperature, K 

maximum temperature at 
which condensation oc- 
curs for fixed pres- 
sure, K 

velocity, m/sec 

compressibility factor 

functions of compress- 
ibility factor as defined 
in appendix B 

specific -heat ratio 

density, kg/m 

nozzle exit conditions 
ideal gas 

plenum conditions 

nozzle throat conditions 
when Mach number is 1 

estimate in an iteration 
process 
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APPENDIX B 


CALCULATIONS 

The following functions of the compressibility factor are used in the calculations: 


Z T = Z(p,T) =-2_ (Bl) 

1 pRT 



In terms of these functions, equations (10) to (13) and (15) become 

'r 

H ' L - 


y dT + T(Z I - V * k h 


(B7) 


where is 508. 31 K for nitrogen and 6. 98973 K for helium. 

In p - Z iy + Kg 


S = K dT 

R J R T 


(B8) 
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where Kg is 0. 77124 for nitrogen and 4. 75063 for helium. 



(B9) 


v 




k = p/9p\ _ y z ni 

p\3p/ s Zj 


(BIO) 


(Bll) 


The calculation of the isentropic flow functions from the plenum to the nozzle exit 
involves the following equations: 


p o = 


Z T (p , TjRT 
o' o 


(B12) 



k(P e ,T e )-2 

p e 


— s o = 


R 


n 


P £ 


~ ‘ 111 ‘ Z IV^o’ V + ^IV^e’ T e^ 




~ ciT + T 0 [ Zl (p o , T q ) - Z v (p Q , T q )] - T e [z i( p e , T e ) 



(B13) 


(B14) 


(B15) 
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The independent variables for the plenum conditions are the pressure and tempera- 
ture. The calculation of the plenum thermodynamic functions involves density. It is, 
therefore, necessary to solve equation (B12) for density. Since this equation involves 
density implicitly, an iterative procedure is necessary for solution. A description of 
this procedure follows: 

First estimate of plenum density: 



Succeeding estimates: 


p o,n“ p o,n-l 



K 


- P 


o,n- 


i> 


(B16) 


(B17) 


where 


= (B18) 

\0p ) T RT Q Z m (P 0> n _ T Q ) 

When the last two density estimates agree to within one part per million, the compu- 
tation is considered complete. For certain cases of helium at high pressures and low 
temperatures, this procedure failed to converge. For these cases, the iteration proce- 
dure is restarted with the following initial estimate: 



(B19) 


This restart permitted convergence for all tabulated cases. 

H the nozzle exit independent variable is the temperature, the nozzle exit density 
can be determined by solving equation (B14) for p . Since p is involved implicitly in 

V tJ 

equation (B14), an iterative procedure for solution is used. This procedure is as follows: 
First estimate of nozzle exit density: 


In p 


in p 0 



0 ^v dT 
R T 


(B20) 
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Succeeding estimates: 


where 


lnp e > n = ln Pe,n-l + 


' a(ln p e ) ' 
L 3(S o - S e> 


i(S 0 - S e ) 




‘ 3(ln P e ) ‘ 

3 <s„ - s e > 


Z II^’e,n-l’ T e^ 


and 


(B21) 


(B22) 


A(S q - S e ) 



+ Z 


IV 


KV 


Z IV^e,n-l’ T e^ 


(B23) 


When the last two density estimates agree to within one part per million, the computation 
is considered complete. 

For physically valid solutions for either p Q or p g , Zj, Zjj, and must be 

positive. That is, the density has to be positive, the pressure has to increase with tem- 
perature at constant density, and the pressure has to increase with density at constant 
temperature. These conditions were verified for all tabulated cases. 

Once the thermodynamic state of the gas is known at both the plenum and the nozzle 
exit, isentropic flow quantities can be calculated. For example, the nozzle exit Mach 
number can be calculated from equations (B13) and (B15), and the nozzle exit mass-flow 
rate per unit area from the nozzle exit density and equation (B15). 

If the nozzle exit independent variable is either pressure or Mach number rather 
than temperature, a nozzle exit temperature has to be estimated such that the calculated 
pressure or Mach number agrees with the prescribed pressure or Mach number. This 
temperature estimate is then used in equations (B20) to (B23) to calculate the nozzle exit 
density. (This procedure always assures that the nozzle exit entropy is equal to the 
plenum entropy. ) The procedures for these two cases are discussed separately. 

If the nozzle exit pressure is the independent variable, the first estimate of the noz- 
zle exit temperature is less than the plenum temperature and either greater than the 
saturation temperature for the case of nitrogen or greater than the critical temperature 
for the case of helium. These conditions take precedence over the following equation 
for the first temperature estimate. This estimate represents the nozzle exit tempera- 
ture that would exist if the gas were ideal. 
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(B24) 





1)/Vi 


The second temperature estimate is given by 


where 




- p e, 1> 



The other estimates are given by 


T e,n ^e,n-l + 


/ T e.n- 

\ p e,n- 


1 

1 


~ T e, n-2\ 
_P e,n-2/ 


^e -Pe,n-1> 


(B25) 


(B26) 


(B27) 


For all estimates, a check is made to determine that the temperature is either 
greater than saturation for the case of nitrogen or greater than critical for the case of 
helium. When the calculated nozzle exit pressure P e n agrees with the prescribed noz- 
zle exit pressure p g to within one part per million, the nozzle exit temperature is con- 
sidered to be known. 

If the nozzle exit Mach number is the independent variable, the first estimate of the 
nozzle exit temperature is made on the basis of the gas being ideal. This estimate is 



The second estimate is given by 



(M e - M e> x ) 


(B28) 


(B29) 
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where 


9T_ 

0M 


= /_ A e,l 




(Vi - 1)M £ 


(B30) 


The succeeding estimates are given by 


T - T 

T e n = T e n 1+1 — „ ) 

e,n e,n-l U e , ^ - *, a ) e ^ 


(B31) 


For all estimates, a check is made to determine that the temperature is either above 
saturation for the case of nitrogen or above critical for the case of helium. When the 
calculated nozzle exit Mach number agrees with the prescribed nozzle exit Mach number 
to within one part in ten thousand, the nozzle exit temperature is considered to be known. 
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APPENDIX C 


DESCRIPTION OF FORTRAN IV SUBROUTINES 

The subroutine used to calculate the thermodynamic properties of nitrogen is refer- 
enced by the following statement: 

CALL CNIT (KKK, PA, TA, AM, PB, TB, FLOW, KODE) 

For a valid computation, the following conditions must be satisfied: 


55 K < T < 501 K 

(Cl) 

p ^ ^sat 

(C2) 

p < 351xl0 5 N/m 2 

(C3) 


The subroutine used to calculate the thermodynamic properties of helium is refer- 
enced by the following statement: 

CALL CHEL (KKK, PA, TA, AM, PB, TB, FLOW, KODE) 

For a valid computation, the following conditions have to be satisfied: 


5.4 K< T < 501 K 

(C4) 

p < 305X10 5 N/m 2 

(C5) 


For both subroutines, certain variables are returned through labeled common. 

These are referenced by the following statement: 

COMMON/OUTPUT/OUX(15), Z(6, 2), KODl(5) 

The following symbol definitions apply to both subroutines: 

KKK Controls entry to and exit from the subroutine. If KKK=0, just the plenum proper- 
ties are calculated. If KKK=2, both the plenum and the nozzle exit properties are 
calculated. If KKK=1, just the nozzle exit properties are calculated. For a given 
set of plenum conditions, at least one reference has to be made for KKK=0 or 2 
before a reference can be made for KKK=1. 
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PA 


TA 

AM 

PB 

FLOW 

KODE 


OUX(l) 


OUX(2) 

OUX(3) 

OUX(4) 

OUX(5) 

OUX(6) 

OUX(7) 


9 

Plenum pressure, p Q , N/m 
Plenum temperature, T , K 
Nozzle exit Mach number, M g 
Nozzle exit pressure, p g , N/m 2 

Nozzle exit mass-flow rate per unit area, G e , kg/(m 2 )(sec) 

Indicates the independent variables to the subroutine. If KODE=l, the inde- 
pendent variables are PA, TA, and PB. If KODE=2, the independent varia- 
bles are PA, TA, and AM. If KODE=3, the independent variables are PA, 
TA, and TB. 

Actual mass-flow rate G e divided by ideal mass-flow rate G g .. The ideal 
mass-flow rate is defined as follows: 




*2 /pe\ 2/v ‘ r 


- 1 RT 0 Vo; 


1 - -5 




1/2 


(C6) 


for M^ * 1 
e 


(r i +i)(y i -i)' 


1 Vv i + 1 


1/2 




for M e = M t = 1 


(C7) 


where y^ = 7/5 for nitrogen and y^ = 5/3 for helium. 
Nozzle exit specific heat, C p e /R 
Nozzle exit specific -heat ratio, y Q 
Nozzle exit isentropic exponent, 

Plenum enthalpy, H Q /R, K 
Plenum specific heat, C /R 
Plenum specific-heat ratio, y Q 
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OUX(8) Plenum isentropic exponent, k Q 

2 

OUX(9) Plenum pressure as calculated from plenum density and temperature, N/m 

OUX(IO) For KODE=l, this is the nozzle exit pressure in newtons per square meter 
as calculated from nozzle exit density and temperature. For KODE=2, this 
is the nozzle exit Mach number as calculated from nozzle exit thermodynamic 
gas state. For KODE=3, this is set equal to zero. 

OUX(ll) Indicates the degree of convergence achieved in calculating the plenum den- 
sity and is defined by 

OUX(ll) - 1 - P . ° . > n (C8) 

*o, n-1 

OUX(12) Indicates the degree of convergence achieved in calculation of nozzle exit 
density and is defined by 

0UX(12) = ln/ *° e ’ n ~M « Pe ’ 11-1 - 1 (C9) 

\ p e,n/ p e,n 

0UX(13) Ratio of plenum pressure to saturation pressure, or 

OUX(13)--^2- (CIO) 

Psat 

OUX(14) Ratio of nozzle exit pressure to saturation pressure, or 

OUX(14)=^-£_ (Cll) 

p sat 

OUX(15) Plenum entropy, S Q /R 

The following symbols refer to functions of the compressibility factor. These func- 
tions are defined in appendix B. 
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Z(l,l) Z(l,l) = Z I (p 0 ,T 0 ) 


Z(2, 1) Z(2, 1) = Z n (p Q , T 0 ) 

Z(3,l) Z(3, 1) = Z m (P 0 ,T 0 ) 

Z(4, 1) Z(4,l) = Z IV (p 0 ,T 0 ) 

Z(5,l) Z(5,l)= Z v (p 0 ,T 0 ) 

Z(6, 1) Z(6, 1) = Zyj(p o , T q ) 

Z(l,2) Z(l, 2) = Zj(p e , T e ) 

Z(2, 2) Z(2,2) = Z n (p e ,T e ) 

Z(3, 2) Z(3,2) = Z m (p,T e ) 

Z(4, 2) Z(4,2) = Z IV (p e ,T e ) 

Z(5, 2) Z(5,2) = Z y (p e ,T e ) 

Z(6, 2) Z(6,2) = Z yi (p e ,T e ) 

The following symbols represent integers that are used to indicate if the calculation 
is valid. If all these integers equal zero, a valid calculation has been performed. If 
these are not zero, the conditions are as follows: 

KODl(l) Equals 1 if the plenum conditions are out of range in either temperature or 
pressure. A value of 1 terminates the calculation. 

KODl(2) Equals 1 if the nozzle exit conditions are out of range in either temperature 
or pressure. A value of 1 terminates the calculation. For the case of nitro- 
gen, the computation is permitted to continue if P e /P sat is between 1 and 3. 
If this is the case, KODl(2) is set equal to 2. 

KODl(3) If KODE=l, this quantity equals 1 if the calculated nozzle exit pressure fails 
to converge to the prescribed nozzle exit pressure. If KODE=2, this quan- 
tity equals 1 if the calculated nozzle exit Mach number fails to converge to 
the prescribed nozzle exit Mach number. 

KODl(4) Equals 1 if the iteration procedure for the calculation of the plenum density 
fails to converge. 

KDD1(5) Equals 1 if the iteration procedure for the calculation of the nozzle exit den- 
sity fails to converge. 
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APPENDIX D 


FORTRAN IV SUBROUTINES 


$ I RFTC CNITS LIST, DECK 

SUBROUTINE CNIT ( KKK , P A , T A , AM , PB , TB , F LOW , KODE ) 

EQUIVALENCE (R,RR) 

COMMON /OUTPUT/ CIUX ( 1 5 ) , Z ( 6 , 2 ) » K0D1 ( b ) 

COMMON /CONV/ 

OAT A A1 , A2, A3, AA, AS/2.50 11 A6, -9.720581 E-5, 1 . 036056 E-6 , -A . A37258E-9 
1 ,6.825596E-12/ 

DATA R,GAMA,GAMB,GAMC,GAME/296.77A,.2R571A2R6,.2,1.A28571A3,7.0/ 
CP( S)=Al + (A2+(A3+IA4+A5 J i‘S) J!l S) Ji! S)*S 

CS(S)=Al*AL0G(S)+(A2+(A3/2.0+(AA/3.0+A5*S/A.0)*S)#S)*S 
CH(S>=( Al+(A2/2.0+(A3/3.O+(AA/A.0+A5*S/5.0)*S)*S)*S)*S 
IF (KKK.EO.l) GO TO 10 
1)0 1 N=l,5 

1 KUD1 ( N ) =0 
DO 2 N=1 » 12 

2 0UX(N)=0.0 
OUX( lb) =0.0 
DO 3 NX = 1 » 2 
DO 3 N = 1 , 6 

3 Z(N,NX)=0.0 

CALL LOGIC < PA,TA,OUX( 13 ) ,K001 ( 1 ) ) 

IF (K0D1 ( 1 ) .E0.2 ) KDDI ( 1 > = 1 
IF ( K0D1 ( 1 ) • EO . 1 ) RETURN 

THE ITERATION PROCESS FOR CALCULATING THE PLENUM DENSITY FOLLOWS. 

A = P A / ( RATA) 

RHOA=A 

CALL ZETA ( 1 f RHOA , T A , Z * 1 ) 

DO 7 MM=l,bO 

OUX ( 11 ) = (RHOA — PA / ( Z ( 1, l )*R*TA) )/RHOA 
IF ( ABS(UUX< 11 ) ) .LT. 1.0E-6) GO TO 8 
AAA= ( Z ( 1, 1 ) -A/ RHOA) / Z ( 3,1) 

IF (1.0-AAA) 5,5,6 
AAA=AAA/2.0 
GO TO A 

RHOA=RHOA*< 1 ,0-AAA) 

CALL ZETA ( 1 , RHOA , T A , 7. , 1 ) 

KUO 1 ( A ) = 1 

CALL ZETA ( 3 , RHOA , T A , Z , 1 ) 

IF ( ( Z ( 1 , 1 ) .GT.O. ) . AND. ( Z ( 2, 1 ) .GT.O; ) . AND. ( Z ( 3, 1 ) .GT .0. ) ) GO TO 9 
KDDI ( 1 )=1 
RETURN 

THE PLENUM THERMODYNAMIC FUNCTIONS ARE CALCULATED BY THE FOLLOWING 
STATEMENTS 

9 CV=CP< TA )-Z ( A, 1 ) 

G A = Z ( 3 * 1. ) + Z ( 2 * 1 )**2/CV 
OUX< 7 ) =GA/ Z < 3 * 1 ) 

OUX ( H ) = G A / Z (1,1) 

0UX(6)=CV=H)UX < 7 ) 

OUX ( S >=CH( TA ) + TA#< Z ( 1 , 1 ) -z ( b, 1 ) ) +508 .31 
OUX< 15)=CS( TA )— ALUM RHOA) -7. (A,l )+0.7712A 
OUX ( 9 ) = Z ( 1,1 )*TA*R*RHUA 
C 

IF (KKK. E 0.0) RETURN 

10 GO TO ( 1 1 , lb, 16) ,KOOE 

11 AM=0.0 



c 

C THE INITIAL ESTIMATE OF THE NOZZLE EXIT TEMPERATURE WHEN THE NOZZLE 
C EXIT PRESSURE IS GIVEN IS MADE BY THE FOLLOWING STATEMENTS, 

C 

TB=TA*( PB/PA)**GAMA 
IF (TB.GE.126.36) GO TO 14 
IF ( PB-3.3984E6) 12»12»13 

12 X=AL0G10( PB )~5.0057166 

TBl=77.4635+< 19. 5407+ <5. 33082+ (1.41 895+. 309 106*X)*X)*X)*X 
IF ( ( TB. L T. TB 1). AND. (TA.GT. 1.00 1*TB1) ) TB=TB 1 
GO TO 14 

13 IF (TA.GT, 126, 48) TB=126.36 

14 TB1 =TB 

IF (PA.GT.PB) GO TO 17 

K0D1 (2 > = 1 

RETURN 

15 PB=PA*( 1.0+GAMB*AM**2 )**(-3.5) 

C 

C THE INITIAL ESTIMATE OF THE NOZZLE EXIT TEMPERATURE WHEN THE NOZZLE 
C EXIT MACH NUMBER IS GIVEN IS MADE BY THE FOLLOWING STATEMENTS. 

C 

TB = T A/ ( 1 ,0 + GAM6*AM**2 ) 

TB1 =TB 
C 

GO TO 17 

16 PB=PA*(TB/TA)**(3.5) 

IF (TA.GT. TB) GO TO 17 
K0D1 (2 )=1 

RETURN 

17 K0D1 ( 3 ) =0 
NN= 1 

DO 18 N = 1 * 4 

18 OUX ( N ) =0 . 0 
OUX( 10)=0.0 
OUX( 12)=0.0 
DO 19 N = 1 1 6 

19 Z(N,2)=0.0 
F L0W = 0 • 0 

20 K0D1 ( 5 ) =0 

CALL LOGIC <PB»TBf0UX<14) f K0Dl(2)> 

IF (K0D1 (2) .EO.l ) RETURN 
C 

C THE ITERATION PROCESS FOR CALCULATING THE NOZZLE EXIT DENSITY 
C FOLLOWS. 

C 

AL=ALOG(RHOA )+Z(4, 1 ) +C S ( TB ) -C S ( T A ) 

ALA=AL-Z(4,1) 

CALL ZETA ( 2 , EXP ( AL A ) f TB , Z ,2 ) 

DO 21 M= 1 f 50 

OUX( 12 )=ALA-AL+Z(4,2) 

IF ( ABS ( OUX (12) I.LT.1.0E-6) GO TO 22 
AL A = AL A— OUX (12)/Z(2«2) 

21 CALL ZETA ( 2 , EXP ( AL A ) f TB , Z , 2 ) 

KGO 1 ( 5 ) = 1 

22 RHOB=EXP( ALA) 

IF (RHOA-RHOB) 23,23,24 

23 K0D1 ( 2 ) = 1 
RETURN 

24 CALL ZETA ( 3 , RHUB , TB , Z , 2 ) 

C 


C THE THERMODYNAMIC FUNCTIONS AT THE NOZZLE EXIT CONDITIONS ARE 
C CALCULATED BY THE FOLLOWING STATEMENTS. 

C 

VV=2.0*(CH(TA)-CH(TB)+TA*(Z(1 , 1 )-Z < 5,1 ) >-TB*(Z ( 1,2 )-Z < 5,2 > > > 
CV=CP(TB)-Z (6,2 ) 

GA=Z(3,2)+Z(2,2)**2/CV 
OUX< 3)=GA/Z ( 3,2 ) 

OUX ( 4 ) =GA / Z (1,2) 

OUX( 2 ) =C V=*OUX ( 3 ) 

C 

GO TO ( 25,29, 33 ) ,KODE 

25 AM=ASORT(VV/(Z( 1,2) *OUX ( 4 ) “XTB ) ) 

IF (NN.NE.l) B 1 =OUX (10) 

DUX ( 10 ) =RHOB*Z (1,2) ^R’XTB 
PERR = PB/OUX( 101-1 .0 

IF (ABS(PERR) .LT.1.0E-6) GO TO 34 
IF (NN.GT.20) GO TO 28 
NN=NN+ 1 
C 

C THE SUCCEEDING ESTIMATES OE THE NOZZLE EXIT TEMPERATURE ARE MADE 
C BY THE FOLLOWING STATEMENTS FOR THE CASE OF A GIVEN NOZZLE EXIT 
C PRESSURE. 

C 

IE ( NN— 2 ) 27,26,27 

26 TB = TB*( l.O + GAMAX'PERR) 

IF (TB.GE.TA) TB=.999*TA 

TB2=TB 

GO TO 20 

2 7 TB = TB+ ( TB2-TB1 )*(PB-OUX< 10) ) / ( OUX ( 10 >-B 1 ) 

TB1=TB2 

TB2=TB 

C 

GO TO 20 

28 K0D1 ( 3 ) =1 
GO TO 34 

29 PB=Z(1,2)*TB*R#RH0B 

IF (NN.NE.l) B 1 =OUX (10) 

OUX ( 10 ) =ASQR T ( V V / ( Z ( 1 , 2 ) *TB*OUX ( 4 ) ) ) 

IF ( ABS ( 1 .O-OUX ( 10) /AM ) ,LT. 1 .0F-4 ) GO TO 34 
IF (NN.GT.20) GO TO 32 
NN=NN+ 1 
C 

C THE SUCCEEDING ESTIMATES OF THE NOZZLE EXIT TEMPERATURE ARE MADE 
C BY THE FOLLOWING STATEMENTS FOR THE CASE OF A GIVEN NOZZLE EXIT 
C MACH NUMBER. 

C 

IF (NN-2) 31,30,31 

30 TB=TB* ( 1 .0-0 •400*TB*AM J M AM— OUX ( 10 ) ) / T A ) 

IF (TB.GE.TA) TB=.999*TA 

TB2 = T B 
GO TO 20 

31 TB=TB+(TB2-TB1>*( AM-OUX( 10) ) / ( OUX ( 1 0 ) -B 1 ) 

T B 1 =TB2 

TB2=TB 

C 

GO TO 20 

32 KlIDK 3) = 1 
GO TO 34 

33 AM = ASQRT ( V V / ( / ( 1 , 2 ) *0(1 X ( 4 ) * T B ) ) 

PH = 7 (1,2) *R#RHOB*TB 


nux< io)=o.o 

34 CALL LOGIC ( PH , TBtOtlX ( 14 ) ,KODl ( 2 ) ) 

IF < ( VV.GT.O. ) .AND. (Z (2,2) .GT.O. ) .AND. ( Z ( 3,2) .GT.O. ) ) GO TO 3b 
KDDI ( 2 ) =1 
RETURN 
C 

C THF ISENTROPIC FLOW PROPERTIES ARE CALCULATED BY THE FOLLOWING 
C STATEMENTS. 

C 

3b FLOW=PB*SORT (VV/RB)/(Z(1,2)*TB) 

TBF=( PB/PA ) **GAMA 

IF ( (AM.EO.I.O) .AMD. (KOOE.EO.2 ) ) GO TO 36 

FLOW I =PA*SORT (GAME*! PH/PA)**GAMC*( l.O-TBF)/ ( RB* T A ) ) 

GO TO 37 

36 FLOWI=PA*SQRT< 1 . b798 bE-3 / T A ) 

37 OUX< 1 )=FLOW/FLOWI 
C 

RETURN 

ENU 


SIHFTC NZET LIST, DECK 
C 

C THE FUNCTIONS OF THE COMPRESSIBILITY FACTOR ARE CALCULATED IN THE 
C FOLLOWING SUBROUTINE. 

C 

SUBROUTINE ZETA (K,P,T,Z,J) 

DIMENSION Z ( 6 , 2 ) 

DATA A,B1,B2*B3,B4,B5,B6,B7,B8,B9,B10*B11,B12,B13,B14,B15/-7.135E- 
16,1.2034917E-3,-2.bl0789E-l,-4.9681584El,3.7073373E2,1.496473E6, 

22 . I027719E-6,-2 . 45 1 6046E-4 , 2 . 3 l 02 822 F-9 , 4 . 9866482 , 1.6771286E3, 

3-1. 6 56225E5, -6. 5374809 E-5, 2. 42 091 08 E-2, -1.126389,1 . 1 8 2 9604E- 1 2 / 

C0( X,Y,Z )=X*S3+Y*S4+Z*S5 

S 1 = 1 ,0/T 

S2 = S 1 *S 1 

S3=S1*S2 

S4=S1*S3 

Sb= S 1 *S4 

P2=P*P 

EXPO=EXP( A*P2 ) 

AA=1 .0/(2 .0*A ) 

BB= 1 .0/ A 

C1=C0( B9,R10,B11 ) 

C2=C0(B)2,B13,B14) 

IE (K.E0.2) GO TO 1 
BAl=Bl+B2*Sl+B3*S2+B4*S3+Bb*Sb 
8A2=B6+B7*S 1 

ZA=1.0+(RA1+(BA2+(B8+B15*S1*P2)*P)*P)*P 
Z B= E X P0*P2* ( C1+C2*P2 ) 

Z ( 1 , J ) =Z A + Z B 

ZA=1.0+(2.0*BA1+(3.0*BA2+(4.0*B8+6.0*B15*S1*P2)*P)*P)*P 
ZB = P2*E XPO* ( 3.0*C 1+ ( 2 .0*A*C l + b.0*C2 + 2.0*C2*P2*A ) *P2 ) 

Z ( 3,,l ) =ZA+ZB 
IF (K.EO.l) RETURN 

1 BT=Bl-R3*S2-2.0*B4*S3-4.0*Bb*S5 

C1P = -C0( 3. 0*H9, 4. 0*8 10,5.0*81 1 ) 

C2 P=-CO ( 3.0*B12,4.0*813,b.0*B14) 

CC 1 =C 1 +C IP 
CC 2 = C2+C2 P 

ZA=1 .0+ ( BT+ (B6+B8*P )*P) *P 


o n o n o 


ZB = P2*EXP0*< CC1+CC2*P2 ) 

Z ( 2 » J ) =ZA+ZB 

ZA=(8T+(B6/2.0+B8*P/3.0)*P)*P 

ZB=AA*( EXPO* ICC 1+(P2-BB)*CC2)+BB*CC2-CC1 ) 

Z ( 4 , J ) =Z A+ ZB 
IP (K.EQ.2) RETURN 

C1PP=CU(9.0*B9,16.0*B10,2S.0*B11) 

C2PP = CU< 9.0*812 , 16.0*813,25.0*814) 

Z A =— ( ( B2*Sl+2.0*B3*S2+3.0*B4*S3+5.0*B5*S5)+( 87*S 1 / 2 . 0+B 1 5*S 1*P**3/ 
1 5 . 0 ) * P ) * P 

ZB=AA*(EXP0*(C1P+(P2-BB)*C2P)+BB*C2P-C1P) 

Z( 5, J >=ZA+ZB 
CC1P=C1P+C1PP 
CC 2 P=C 2 P + C2 P P 

Z A = < 2.0*B3*S2+6.0*B4*S3+20.0*B5*S5 )*P 
ZB=AA*(EXP0*(CC1P+(P2-BB)*CC2P)+CC2P*BB-CC1P) 

Z(6,J)=ZA+ZB 

RETURN 

END 


$ I BPTC NLOG LIST, DECK 

THE FOLLOWING SUBROUTINE IS USED TO DETERMINE WHETHER OR NOT THE 
FLUID IS A GAS, AND WHETHER OR NOT THE PRESSURE AMD TEMPERATURE LIES 
WITHIN THE RANGE OF THE STATE EOUATION. 

SUBROUTINE LOGIC tP,T,R,J) 

LOGICAL TNH , PNH 
TNH=T.GT. 501.0 
PNH = P.GT.351 .OE 5 
J =0 
R = 0 . 0 

I F ( (T.GT.126.26) .AND. .NOT . TNH . AND. . NOT .PNH) RETURN 
J = 1 

I F ( (T.LT.55.0) .OR. TNH. OR. PNH) RETURN 

XL I M= 10. 0**( -305. 07339/T + 5. 5335216+1 . 1 644 1 1 0 1 + < -3. 1 389205F-3+ < 2 . 98 
157103E-5+I -1.4238458E-7+2. 73752 82E-10*T >*T )*T)*T)*T ) 

R=P/XLIM 

IF (R.GT.3.0) RETURN 
J =0 

IF (R.LE.1.0) RETURN 
J = 2 

RETURN 
END 
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SIRFTC CHELS LIST, DECK 

SUBROI IT I NE CHFl ( KKK , P A, T A , AM , PB t TB , F L OW , K ODE ) 

EOUIVALFNCE (R,RB) 

COMMON' /OUTPUT/ 0UX(15),Z<6,2),K001(5> 

COMMON /CONV/ MM,M,MN| 

DATA R, GAMA, GAMB,GAMC»GAME/2077. 15, .4 , .3333333331 2 , 5 . 0 / 

TF (KKK.EO.l ) GO TO 11 ' ’ 

no i ni=i,5 

1 K001 ( N ) =0 
00 2 M=l,12 

2 OUX(N)=0.0 
flux ( 1 5 ) =0 . 0 

DO 3 N X = 1 .2 
DO 3 M = 1 ,6 

3 Z ( N , NX ) =0 .0 
CALL LOGIC ( PA ,TA,OUX ( 13 ) , K0D1 ( 1 ) ) 

IF (K001 (1 l.EO.l ) RETURN 

THE ITERATION PROCFSS FOR CALCULATING THE PLENUM DENSITY FOLLOWS . 

A = P A / ( R*T A ) 

RHOA= A 
no 9 NX=1,2 
KOOK 4) =0 

CALL ZETA ( 1 , RHOA , T A , Z , 1 ) 
no 7 MM =1,50 

0UX <11) = (RH0A— PA/(Z(1,1)**R*TAI) /RHOA 
IF (ARSfOUXdl ) I.LT.1.0E-6) GO TO 8 
AAA=( 7 ( 1 , 1 ) - A /RHOA ) / Z ( 3, 1 ) 

IF (1.0-AAA) 5,5,6 
AAA=A A A/2 .0 
GO TO 4 

RHOA=RHOA* ( 1 ,0-AAA ) 

CALL ZETA ( 1 , RHOA , TA, 7 , 1 ) 

KOD 1 ( 4 ) = 1 

CALL ZETA (3 , RHOA , TA, Z , 1 ) 

Duni ( A!^ t « > * GT *°* ) * AKiri * <Z<2 ’ 1, ' r ’ T * 0 * , * AND * (Z(3 ’ 1, ‘ RT * 0 *>> GO TO 10 

KHuA-A/ 3*0 
K0D1 ( 1 )=1 
RETURN 

THE PLENUM THERMODYNAMIC FUNCTIONS ARE CALCULATFn BY THE FOI LOWING 

CTATCUCkiTP vm- i i 


in CV=1 . 5-Z (6,1) 

GA=Z ( 3, 1 )+Z (2, l )*#2/CV 
OIJX (7)=GA/Z(3,1 ) 

0UX(8)=GA/Z(1,1 ) 

OUX ( 6 ) =CV*OUX ( 7 ) 

OUXI 5 ) =T A* ( 1.5+ZI 1, 1 ) — Z ( 5 , 1 ) > + 6.9897 3 
OUX< 15 ) =1 .5*AL0G(TA )-ALOG( RHOA) -Z (4,1 1+4.75063 
OUX ( 9 ) =Z ( 1 , 1 ) *T A4R*RH0A 
C 

IF (KKK.EO.O) RETURN 

11 GO Tn { 12, 13,14) ,KODF 

12 A M = 0 • 0 
C 
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C THF I iv* T T f A L HSiT'-'iATh OF THF W07ZLF ^ X J I T F-PFr A Tl !R F 'vHFM THF NO Z Z L F 
C FXTT PRFSSimh I S GTVFN IS o A n F wv THF F O L L O ui ] |\, (; ST A T Fi' FN T S . 

c 

T H = T A * ( P h / P A ) * *G A iM A 

IF ( (Tk.LT.S. 401 ) ./v#). ( TA ,GT .S.40M ) Tk=S.4(>1 

r r i = t b 

IF (PA.GT.PK) GO Til IS 
Knni ( ? ) = i 
R F T I i R M 

1 3 PR=PA*{ 1 .03H;AHH*Api**7)**(-?.C) 

r. 

r THF INITIAL FSTT^'ATF OF THF MfiZZLF FXTT TFfPFRATORF WHFW THF NOZZLF 
C FXTT -lACH 1 v i ) Fi k F R IS M\/F-M IS mAITF KY |hf FOLLOW! wfi SI A T Fo FNT S . 

C 

TH= I A / ( 1 .O + G A ) 

I R 1 = T w 

r, 

Gf I Ti ( I S 

14 PR=PA*< TK/TA ) ** ( 7 .S ) 

IF ( TA.GT.TR ) GO TO IS 
KUO] (7 )=l 
R F f 1 1 R 'V 

1 S KOD] ( 3 ) =0 

] 

I } f I ] A "t =| ( 4 
1 fs || 1 1 X ( M ) = O . O 

i)l. IX ( 1 O ) =U.O 

mix ( ] ? > =o.o 

on ]. 7 = .i , h 

17 7 (o.? ) =n.n 

f i. i ii-' = i , n 

CALL LOGIC < PH,TH»OII \ ( 1.4) ,KO01 ( 7 ) ) 

IF ( K i 1 1 ) l (?) * I- n # 1 ) P Ffl IPO 
1 « K 01) 1 ( s ) =0 

c 

C THF ITFRATTOM PROCFSS FOR CALCULATING THF MOZZLH FXIT OFNSITY 
r FOLLOWS. 

C 

a l = a l of ; ( r m n a ) + / ( 4 , i. ) + ] . s * a i._ o f ; ( r k / r a ) 

A l_ A = A L - 7 (4,| ) 

CALL 7 ►- T A ( 7 , F v P ( nLA ) , Th . 7 , 7 ) 

Hi IQ =1 t SO 
m ix { 1 7 ) = AL A-a F + Z ( 4 ,7 ) 

TF { AWS ( mix { 1 7 ) ) .1. r . 1 .OF-S ) Gil TO ?n 

A |_ A = A F A-O! IX ( 1 7 ) / / < 7 , >’ ) 

1 o C A L L /HI A ( / , F / P ( A I A ) . T R , 7 . 7 ) 

K II i ) 1 (*■>) = 1 

?n phi ir, = i- x u ( A |. A ) 

IF ( k H O A — R H I P- ) 7 1,71*/? 

?1 KOO] ( 7 ) = 1 

R F | l IR' ' 

7 7 C A LI /H 1 A ( P , k * -i 1 1 ~s , I , 7 , 7 ) 

c 

C THF 1 HFR OlilYM/'.iOC FOACTFO'IS AT IHF Ml") 7 7 |.. F r X 11 C f i •' I > T 1 T S A R F 

F C a I. 0OI.A |o-M OY I FOI.I.O f o r; S T /\ T F ,.i F .v r s . 

c 

v/M = 7 .1'- ( I A*( ) . *•>+/ (1,1 ) -7 { , 1 ) ) i 4* ( 1 . S + 7 ( 1 t 7 ) - / ( F, 7 ) ) ) 

C v = 1 m ^- / (4,7 ) 

«m = 7 ( 3 .?) + '/(' 7 ,? ) /C w 
OOY ( 3 ) =.';m 7 7(3.7) 
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mix ( 4 ) =KA/ 7 ( 1 , 2 ) 
nox(2)=cv*onx(3) 

r 

GO To (23,27,31) ,K OOF 
2 3 A m = AS OUT { VV / ( Z ( 1 , 2 ) *00 X (4 } *TH ) ) 

T F (M'-.NF.l) K 1=01 IX (10) 

01 IX ( 1 0 ) = RH( lR*Z ( 1 , 2 ) #R*TH 

PERR = PR/0I IX ( 1 0 )-] . 0 

IF ( ARS(PFRR ).LT.1.0E-6) GO To 3 ? 

IF (MN.GT.20) GO TO 2* 

K|i\| = 1MiM+ ] 

C 

C THF SOCCFFO IMG FSTTMATFS OF THF MOZZLF GXIT TFmPFRATORF ARF MADE 
C BY THF FOLLOWING STATFMFWTS FOR Top CASF OF A GTVFM MOZZLF FXIT 
C PRESSURE, 

C 

IF (Mm-?) 25,24,25 
2 4 TR=TR*( 1 . 0 +GAhA*PGPR ) 

TF (Tft.GF.TA) TK=.999*TA 
T R 2 = T R 
GO TO 1 P 

2 5 TB = TB+ ( TB2-TB 1 ) * ( PR-f l OX ( 10 ) ) / ( 01 IX < 1 0 ) ~R \ ) 

T B 1 = T R 2 
TR2=TR 

r. 

GO TO IP 
25 K 0 ! H { 3 ) = 1 
GO Til 32 

27 PR = Z ( 1 , 2 )*TB*R*RHrm 

IF ( NM.MF. 1 ) hl=00X(10) 

01 IX ( 1 0 ) = A SOR T ( \/V/ ( 7 ( 1,2) *TR*CIMX ( 4 ) ) ) 

IF ( A B S ( 1 • 0 -01 1 X ( 1 0 ) / A m ) . L T • 1 • 0 F -4 ) GO TO 32 

TF (NM.GT.20) GO TO 30 
r\IO = M)M+ 1 

C 

C THR SUCCEEDING F S T I o A T F S OF THF MOZZLF G x T T TFMPFRATURF ARF rtAOE 

C BY THF FOLLOW I MG S.TATFMENTS FOR THF CASF OF A GIVEN MOZZLF FXIT 

C MACH NUMBER. 

C 

IF (NM-2) 29,2*, 29 

2P TR=TR*( 1.0-0.A67*TB*AM*(AM-nilX( 10) )/TA) 

IF (TR.GF.TA) TR=.999*TA 
TR2 = T R 
GO TO IP 

2 9 T R = T R + ( TR2-TRI ) *( am-ODX ( 10 ) ) / (OOX { 10 )-K). ) 

T R 1 = T R 2 
TR2=TR 
C 

GO TO IP 
30 K 0 0 1 ( 3 ) = 1 

GO TO 32 

3 1 Am = A SORT ( W/ <7(1,7) #0i IX. ( 4 ) # T R ) ) 

P R = 7 ( 1.2 ) * R * R H 0 R * T K 
nox < 10 ) = 0.0 

32 CALL LOGIC ( PR , Tk , 00 X ( 14) , X O 0 1 (2) ) 

TF ( < VV.GT . 0 . ) . A>vD. ( Z < 2 *2 ) .GT . 0 . ) . Aon. { 7 ( 3,2 ) .GT . 0 . ) ) GO TO 33 

KOn] < ? ) = 1 
RETURN 

C 

C TH G TSEMTBOPTC FLOW PROPERTIES ARF CALC.OLAIEO HV IMF FOLLOWING 
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C STATEMENTS. 

C 

33 ELOW=PB*SORT< VV/RB)/(Z ( 1,2)#TH) 

TRF= ( PR/PA )**GAMA 

IF < ( AM. FO. 1 .0 ) . AMO. (KnnF.Ff.1.2 ) ) G(1 Til 34 

FLOW I =P ASSORT (GAME* ( PB/P A )*#GAMC*< 1 .O-TBF ) / ( R R * T A ) ) 

GO T(1 35 

34 FLOW I =P ASSORT ( 2 . 53R79F-4/ T A ) 

35 OtlX( 1 )=FLOW/FLOWI 
C 

RETURN 

END 


MBFTC HZ F T LIST, DECK 

C 

C THE FUNCTIONS OF THE COMPRESSIBILITY FACTOR ARE CALCULATE!' IN THE 
C FOLLOWING SUBROUTINE. 

C 

SUBROUTINE ZETA (K,P,T,Z,J) 

DIMENSION Z (6,2) 

DATA A,R1,R2,R3,R4,R5,B6,B7,RR,B9,B10,R11,B12,B13,B14,R15,R16/ 

1-4. 057 E-4, 4.06650 l 3E-3,-l. 1267764F-1 , 2 . 30392 66F-2 , -5 . 746RR 1 RF-2 , 

2 1 .3691 36BE-1 ,9 . 7390626 E-6 , 7 .0543B 76 E-4 , -5 . 3 P 54984 E-6 , -3 . B053762 E-3 
3,2 .6251 79E-2 ,7. 674266E-2, 790491 IE-7, 1.996061 1 F- 6 , -8 . 1 300 1 67 E-6 , 
43. 67435R3 E-R, -3. 4049435 F-ll / 

CO ( X , Y, 7 ) =X*S3+Y*S4+7*S5 

SI = 1 .0/ T 

S2=SI*S1 

S3=S2*S1 

S4=S3*S1 

S5=S4*S1 

A A=A*S 1 

P 2 = P * P 

E X PO=E X P ( A A * P 2 ) 

C1=C0(B9, BIO, fill ) 

C2=CO(B12,B13,B14) 

IF (K.E0.2) GO TO 1 

RA1=R1+R2*S1+B3*S2+B4*S3+R5*S5 

RA2=B6+R7*S1 

ZA=1.0+(BA1+(BA2+(BB*S1+<R15*S1+B16*S1*P>*P)*P)*P)*P 
ZR=(C1+C2*P7)*P2*EXP0 
7 ( 1 , .1 ) =7 A + ZB 

7 A = 1 .0+ ( 2 .0*RAl + < 3.0*BA2+ (4.0*BR*S1+ ( 5.0#R15*S1+6.0*B16#S1*P)*P)*P 

1 )*P) *p 

ZB = ( 3.0*C1+(2.0*AA*C1+5.0*C2+2.0*AA*C2*P2 )*P2 )*P2*FXP0 
7( 3, J) =7 A+ZB 
IE (K.EO.l) RETURN 

1 RT=Bl-R3*S2-2 . 0*B4*S3-4. 0*B5*S5 

C1P=-C0(3.0*R9,4.0*B10,5.0*R11 ) 

C2P=-C0< 3.0*R12,4.0*B13,5.0*R14) 

Cl 1 = ( 2 . 0*C 1+C 1 P ) / A A 
C2 2= ( 3 . 0YC2+C 2 P ) / A A 
7 A = 1 .0+ ( BT+H6*P ) *P 

ZR=P2*FXPO*(Cl+ClP+(-AA*Cl+C2+C2P-AA*C7*P2 )*P2 ) 

7 ( 2 , .1 ) = 7 A + 7 B 
7 A = ( BT+R6*P/2.0)*P 

7B=0 . 5* ( EXPO* ( C 1 1 — C2 2 / A A+ ( — C 1+C2 2— C2*P2 ) * P2 ) -C 1 1 +C2 2 / A A ) 

7(4,J)-7A+ZB 

IE (K.F0.2) RETURN 


Cl 1 = ( C 1+C1 P ) / A A 
C22=(2.0*C2+C2P)/AA 

ZA=(-< 82*51 + 2.0*8 3*52 + 3.0*84*53+5.0*65*55 ) + (-87*Sl/2.0+(-BR* SI/ 3.0 
1+ <-B15*Sl/4.0-B16*Sl*P/5.0)*P )*P)*P)*P 
Z8=0.5*< EXPO* (Cl 1-C22/ AA+ ( -C 1+C22-C2*P2 )*P2 ) — C 1 1+C22/AA ) 

Z ( 5 * J ) =Z A+Z B 

Cl PP=C0(9.0*B9, 16.0*B10,25.0*B11) 

C2PP=C0(9.0*B12, 16. 0*8 13, 25.0*81 A) 

C11=(2.0*C1+3.0*C1P+C1PP)/AA 
C22=(R.0*C2+5.0*C2P+C2PP)/AA 
Z A = ( 2.0*B3*S2+6.0*B4*S3+20.*B5*S5)*P 

ZB=0 .5* ( EXPO* (Cll-C22/AA+(-2.0*(Cl+ClP)+C22+( A A*C 1-3 . 0*C2 -2 . 0*C2 P+ 
1AA*C2*P2 ) * P 2 )*P2 1-C11+C22/AA) 

Z(6,J)=ZA+Z8 

RETURN 

END 


STRFTC HLOG LIST, DECK 
C 

C THE FOLLOWING SUBROUTINE IS USED TO DETERMINE WHETHER OR NOT THE 
C FLUID IS A GAS, AND WHFTHER OR NOT THE PRESSURE AND TEMPERATURE LIES 
C WITHIN THE RANGE OF THE STATE EQUATION. 

C 

SUBROUTINE LOGIC <P,T,R,J) 

J = 0 
R = 0.0 

IF ( ( P.LT .305.0E5) . AND. ( T.GT.5.4) .AND. < T.LT.501 .0 ) ) RETURN 
J = 1 

RETURN 

END 
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150 0.6848 0.6889 0.6932 0.6977 0.7024 0.7072 0.7123 0.7176 0.7230 0.:7288 0.7348 


Plenum pressure, N/nO<10 
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TABLE I. - Continued. THERMODYNAMIC PROPERTIES OF NITROGEN 
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TABLE I. - Continued. THERMODYNAMIC PROPERTIES OF NITROGEN 
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TABLE I. - Continued. THERMODYNAMIC PROPERTIES OF NITROGEN 
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400 0 .6569 0.6583 0.6596 0.6609 0.6622 0.6635 0.6648 0.6660 0.6673 0.6686 0.6698 


TABLE I. - Continued. THERMODYNAMIC PROPERTIES OF NITROGEN 
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Plenum pressure, N/m^lO -5 
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(f) Plenum compressibility factor, 
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(f) Continued. Plenum compressibility factor, 
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(f) Concluded. Plenum compressibility factor, 
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1.0340 1.0387 L • 043 5 1.0485 1.0537 1.0592 1.0648 1.0705 1.0765 1.0626 1.0889 



Plenum Plenum pressure, N/m 2 xlO~ 5 
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148 607.44 606.98 606.81 606.89 607.18 607.67 608.32 609.13 610.07 611.14 612*31 
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TABLE I. - Continued. THERMODYNAMIC PROPERTIES OF NITROGEN 
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For these cases, the entropy function is that of gaseous nitrogen whose pressure is 1x10 N/m^ and whose compressibility factor is 1, 


Plenum pressure, N/m z xlO 
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For these cases, the entropy function is that of gaseous nitrogen whose pressure is 1 x 10 ^ N/m 2 and whose compressibility factor is 1 , 


TABLE I. - Continued. THERMODYNAMIC PROPERTIES OF NITROGEN 
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150 11.322 11.403 11.201 10.843 10.427 10^013 9.627 
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Plenum Plenum pressure, N/m 2 x 10 " 5 

temperature, 

K 200 210 220 230 240 250 260 270 280 290 
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400 . 938 3.953 3.967 3.981 3.994 4.007 4.019 4.031 4.043 4.053 4.064 


TABLE I. - Continued. THERMODYNAMIC PROPERTIES OF NITROGEN 
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160 l • 400 1.419 1.438 1.459 1.482 1.506 L.531 1.559 1.588 1.620 1.654 
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142 267.0 285.8 304.2 321.6 338.0 353.5 368 
144 258.1 275.1 292.4 309.4 325.6 341.1 355 
146 252.2 267.0 282.8 298.8 314.6 329.9 344 
148 248.6 261.3 275.4 290.2 305.1 319.9 334 
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150 663.7 667.5 671.4 675.1 678.9 682.6 686.4 690.0 693.7 697.3 700.9 
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TABLE II. - Continued. THERMODYNAMIC PROPERTIES OF HELIUM 
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TABLE H. - Continued. THERMODYNAMIC PROPERTIES OF HELIUM 


O' CP 

p 

^ CP 

o tn ^ O' 

O' 

CP *«-i ro P- 

x o x o x 

m cp 

X CM 

o 

p- eg 

p 

re O' 

x re o p in 

eg o ® <o g* 

m 

X eg 

o p 4 

m ^ o a r- 

X XX 44 

m m eg 

eg 

«—* o 

o o o 

O' O' 

CO aO p 

P P P X X 

x x x x x 

in 

CO 00 

p 

p p 

p p p 

x 

go 

x x x x x 

x <c <c g) 

>0 X 

x 

X 

X 

in n n 

in in 

in in in in in 

in in in in in 

in 

X >0 

X 

-0 X 

x x x 

X 

X 

tO >o o o 

x x x 

>0 >0 

x x 

>0 

X 

x 

>o x 

>0 

x X 

^ sQ ^ «£ sfl 

g> g> g) «o 

x 

• * 


• • 

• • • 

• 

• 

• • • • * 

• • • 

• • 

9 • 

« 

• 

m 

• « 

• 

• • 

• • • • t 

• • • • • 

• 

ooooo 

0 

0 

0 

o o 

ooooo 

0 

0 

0 

o o 

0 

0 

0 

o o 

o o 

0 

0 

0 

ooooo 

ooooo 

o 



O' re 

4 

•— < eg 

in ^ o 

O O' 

4 p 

^ in 

o 

X eg 

CO 

4 


eg O' 

x eg ao 4 

cgpiOP 

in m eg 

o co 

p 


eg o 

x 

4 eg 

OOP 

x in 

x 4 re 

re eg 

eg — i 


o o 

o o o 

o co 

X © P P P 

x x x x in 

in in 

in 

in 4 

4 

00 

co P 

p 

P* P 

p x x 

X x 

g) g> <o 

x x 

>0 

s 0 

X 

X 

X 

x m x 

in in 

in in in m in 

in in in in in 

in in 

in 

in in 

in 

i — 1 

x x 

X 

X X 

g) <5 g) 

X X 

<o g> g> 

X X 

X 

X 

x 

x 

x 

x x x 

X X 

x x x x x 

o g) g) g) g) 

x x 

X 

x >o 

X 





• • • 

• • 

• • • 

t t 

• 

• 

* 

• 

9 

• • « 

• • 

• • • • • 

• • • • • 

• # 

• 

• • 

• 


o o 

o 

O C 

o o o 

o o 

0 

0 

0 

o o 

o 

o 

o 

o 

o 

ooooo 

ooooo 

ooooo 

o o 

o 

o o 

o 


P* X 

**-< 

— i 4- 

OCOP 

00 0 

re 

gD 0 

m 0 

gD 

eg 

ao 

in 


CO 

x 

re 

1— * 

co 

gD eg 

O' 

in 

eg 

CP P- 

4- eg 0 

CP P- 

in 

4 - 

re 


ao in 

re 

*— * 0 

co gD tn 4 - 

4 

re eg eg 

w-i «— < 

0 

O 

O 

0 

0 

co co 

ao 

co 

p 

p> P- 

gD 

gD 

g> 

in in 

in in in 

4 - 4 - 

4 - 

4 - 

4 - 

•4" 

p- p 

p 

p x 

x x x 

x 

g> 

x 

gD g> 

gD gD 

x 

gD 

tn 

in 

in 

in 

in 

in 

in 

in 

in in 

tn 

in 

tn 

in in 

in in in 

in tn 

in 

m 

in 

in 

x x 

g> 

x gD 

x x x 

g> 

x 

x 

g> gD 

gD g) 

gD 

gD 

gD 

g> 

x 

g> 

x 

g> 

g) 

gj 

g> ^ 

gD 

gD 

g> 

g> gD 

so gD g> 

g> gj 

g) 

g) 

g> 

g> 




• • • 


• 

• 

• • 

• • 

• 

• 


• 

• 

• 

• 

• 

• 

• 

• • 

• 

• 

• 

• • 

• • • 






o o 

o 

0 0 

000 

0 

0 

0 

0 0 

0 0 

0 

0 

0 

0 

0 

O 

0 

0 

0 0 

0 

0 

0 

0 0 

ooooo 

0 0 

0 

0 

0 

0 


4- 

00 

p- 

0 

gD 

4" 

4" in 

p- 

0 

4- 

O' 

4" 

cp m 

-1 

00 

in 

eo CP 

g> 

4- 

eg 

0 

ao 

in eg cp 

g> 4” 

CP 

p- in 4 

eg ^ 

O' 

ao 

p- 

n 

4 


CP 

co vn 

in 

4- re 

eg 

eg 


0 

O 

CP CP 

O' 

CO 

co 

CD 

p- 

p- 

P- 

p- 

p- 

gD 

g> g) in in 

in 

in 4 

4" 4“ 4- 

4" 

4- 

m 

fO 

pe 

m 

p- 

p- 

g> 

gD 

gD 

g; 

O O 

g> 

gD 

gD 

g) 

gD 

in in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in in in 

in 

in 

in in 

in in in 

m 

n 

n 

n 

n 

n 

O 

g> 

gD 

gD 

gD 

gD 

g> g> 

g) 

g> 

gD 

gD 

S 0 

g> gD 

gD 

g> 

g> 

gD 

g> 

gD 

gD 

g> 

gj 

^0 

g; gD gD 

gD 

g) 

g> g> 

sO gD g) 

0 

g> 

g) 

gD 

g> 

gD 






• 

• • 

• 

• 

« 

• 

• 

• • 

• 

• 

* 


• 

• 


• 

• 


• « * 

# 

• 

• • 

* • • 







O 

0 

0 

0 

0 

0 

0 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

c 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

O 

0 

0 

0 

0 

0 

O 

0 

0 

0 

0 

0 




eg 


4 

0 

ao 

ao 

0 re 

gD 


g> 


p- 

re 0 

p- 

4 - 


O' 

g> 

4 - 

eg 

0 

ao 

p- 

n 

eg 

0 

p- n 

re 


0 

ao P- 

n 

4- 

re 

eg 

— * 

0 

m 


O CD 

gD 


re 

eg eg ^ 

0 

0 

O' 

CP 

OD 

co co 

p- 

P 

p- 

gD 

gD 

gD 

g> 

0 

n 

n 

n 

n 

n 

4 " 4 * 

4 " 

4 - 

4 " 

re re 

re 

re re 

re 

re 

re 

eg 

r- 

'O 

g? 

gj 

g> 

gD 

> 0 gD 

gD 

gD 

n 

n 

n 

n in 

n n 

n 

n 

n 

n 

n 

n 

n 

n 

n 

n 

n 

n n 

n 

tn 

n 

n n 

n 

m 

in 

n 

n 

in 

0 

T-l 

g) 

gD 

gD 

gi 

gD 

gD 

g> g) 

>c 

SO 

gD 

O 

g> 

gD gD 

gD 

g> 

g) 

g) 

gD 

g> 

g> 

gD 


sO 

g» 

gD 

gD 

gD n 

gD 

gD 

O 


gD 

gD 

gD 

gD 

gD 

gD 

H 






• 



% 

• 

• 

• 

• 

• • 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 


• • 


• 

• 

• • 

• 




• 


X 


0 

0 

0 

0 

0 

0 

0 

0 

a 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

O 

0 


a 

- 4 -* 

s 





































0 . 

Jz; 


O 

re 

0 

0 


e-i 

r*~ —4 

g> 

eg 

co 

4 

0 p 

n 

eg O 

co 

gD 

4 

eg 


O' 

co 

gj 

n re 0 

X P 

in 4 

eg 

-< 0 

O' 

X 

p 

X 

m 

4 




gi 

4 

re 

eg 

—4 

O 

CP CP 

00 

x> 

p 

p 

p 

g) 

gD 

>0 

g> 

in 

n 

n 

n 

n 

4 

4 

4 

4 4 4 

re re 

re re 

re 

re re 

eg 

eg 

eg 

eg 

eg 

eg 

0 

0 

O 

g> 

g> 

gD 

g> 

gj 

gD 

n n 

n 

n 

n 

n 

n 

n 

n 

n 

n 

n 

n 

n 

n 

n 

n 

m 

n 

in in in 

in in 

in in 

in 

in in 

in 

in in 

in 

in 

in 


l 

'C 

g> 

gi 

gD 

gD 

gD 

g) g) 

gj 

g) 

gD 

gD 

gD 

g> gD 

gD 

gD 

gD 

g> 

g) 

g> 

g> 

gD 

n 

gj 

g> g> g) 

g> gD 

g> gD 

>0 

g> 0 

X 

X 

X 

X 

X 

X 

erf 








• 

• « 



« 

• 


• 

« 

• 

• 

• 

« 

• 

• 

• 

• 

• 

• 

• • * 

• • 

• • 

9 

« 9 

9 

* 

• 



• 

u 

Cfl 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

O 

0 

0 

O 

0 

CD 

0 

0 

0 

>> 

WD 

cu 





































cn 

a 




































X 

c 



O' 

00 

co 


4 

CP 

re O' 

g> 

rg 

O' 

p 

4 

eg O 

OD 

sO 

n 

re 

eg 

0 

O' 

X 

p 

gD 

in re 

0 x 

p >0 

in 

4 re 

eg 


O 

0 

O' 

OD 

S 



0 

CP 

rp 

ao 

p 

p g> 

g> 

g) 

n 

n 

n 

n 

in 

4 

4 

4 

4 

4 

4 

re 

re 

re 

re 

re re re 

re eg 

r\i eo 

eg 

eg eg 

eg 

eg 

eg 

eg 



T 3 

3 

00 

g> 

gD 

m 

n 

n 

n 

n n n 

n 

n 

n 

n 

n 

n 

n 

n 

in 

n 

n 

in 

in 

n 

in 

n 

in in in 

in in 

in in 

in 

m in 

in 

in 

in 

m 

in 

tn 

•—1 

c 

g> 

g> 

gD 

gi 

sC 

O 

gD gD 

g> 

g> 

g) 

gD 

g> 

g) 

gD 

gD 

gD 

gD 

gs 

g; 

gD 

gj 

gD 

g) 

gD 

gD gD gD 

g) g) 

g> gs 

g> 

gD gD 

X 

X 

X 

X 

X 

X 

rt 

QD 











• 

• 


9 

« 

• 

9 

• 

• 

• 

• 

• 

• 

• 

• 

• • • 

• • 

• t 

• 


9 



• 



0 

S 


0 

0 

0 

0 

0 

O 

OOO 

0 

0 

0 

0 

O 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

c 

0 

0 

0 

U 




re 

co 

re 

co 

in 

eg CP 

0 

4 - 

eg 

O 

CP 

p 

n 

si- 

re, 

eg 



CP 

00 

p 

gj 

in 

tn re eg 

-4 O 

O' CO P 

e- 4 ) 

in 

in 

4 

4 

re 

re 

'S' 



ao 

p 

g> 

g) 

in 

in 

n 4 

4 - 

4 

4 

4 - 

re 

re 

re 

re 

re 

re 

re 

re 

eg 

eg 

CJ 

eg 

eg 

eg rg eg 

eg eg 

1 — 1 «— < 



•—4 

' 

r-i 

—* 

•— 1 




CD 

IT 

n 

n 

n 

n 

in 

in in 

in 

m 

n 


n 

m 

n 

n 

n 

n 

in 

ue 

in 

in 

in 

n 

n 

in n n 

in in 

in in 

m 

m tr 

in 

in 

in 

m 

in 

in 



g) 

gD 

gj 

g) 

g) 

g> 

g> gD 

gj 

g) 

g) 

g> 

gD 

gD 

g) 

gD 

0 

gD 

g> 

g> 

g) 

g> 

gD 

g> 

g: 

gD gD gD 

g) gD 

g> > 0 

g: 

g> gD 

X 

X 

X 

X 

X 

X 









• 



* 

• 

« 

• 

• 

• 

• 

• 

• 

« 

• 

• 

• 

• 

• 

• 

« • ■ 



9 


« 









0 

0 

0 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


p re o p x 

4 4 4 re ^ 

x x x x x 

sO .n 


re — i O' =0 p 

(p rri t\ M M 

x x x x x 

O vO vO o >o 


o o o o o ooooo 


n 4 re eg 

eg eg r\j eg rg 

n. in n n in, 

sO x x >o 

« • • • « 

ooooo 


ooooo 


X 

r^ 

P 

X 

X 

in 

x 4 

re 

eg 

eg 


0 0 

O' 

CP 

CP 

X 

CD 

e- 

p 

p 






—4 

<-4 e-4 



_4 

r-J 


1—4 

0 

0 

0 

0 

O 

O 

0 

0 

in 


in 

in 

in 

in 

in in 

in 

in 

in 

in 

n 

in 

in m 

in 

in 

in 

in 

■n 

in 

X 

X 

X 

X 

O 

X 

X X 

X 

SO 

>0 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

• 

• 


• 

9 

• 

• • 

• 

9 

9 

• 

9 


• 

• 

• 



• 



0 

O 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

O 

0 

0 

0 

0 

0 

0 

O 

0 

0 


X 

p 

X 

in 

4 

re 

eg —4 — < 

0 

0 

CP 

CP 

X 

X 

X 

p 

p 

p 

X 

X 

X 

X 

n 

n 

in 4 

4 

4 re 

re 

re 

re 

eg eg 

eg 

eg 


— < 

— < 











c 

0 

0 0 

0 

0 

0 

0 

0 

0 

CD 

0 

0 

0 

0 0 

O 

O O 

0 

0 

0 

O O 

O 

O 

0 

0 

0 

c 

n 

»n 


n 

m 

n 

in n n 

in 

n 

n 

n 

n 

m 

n 

in 

m 

n 

in 

*n 

in 

tn 

n 

n 

n n 

in 

n n 

n 

n 

n 

n m 

in 

n 

n. 

m 

n 

in 

X 

X 

X 

X 

X 

X 

XXX 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

• 

0 

c 

0 

0 

0 

0 

0 . 

0 , 

0 . 

0 

c 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 0 

0 

0 

0 

00 c 

0 0 

0 

0 

0 

0 0 

0 

0 

0 

0 

0 

0 




n 

in 

m 

n 

tn 

n 

n 

in 

n 

n 

n 

n 

n 

n 

in 

in 

in 

in 

in 

n 

n 

in 

in 

in 

in 

in 

in 

in 

in 

tn 

in 

in 

in 

in 

X 

in 

in 

X 

X 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

CP 

O' 

O' 

O' 

re 

CP 

O' 

2 * 

O' 

O' 

O' 

O' 

O' 

CP 

O' 

O' 

O' 

CP 

O' 

O' 

O' 

c* 

or 

cr 


CP 

O' 

CP 

CP 

O' 

O' 

O' 

CP 

O' 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

X 

X 

X 

X 

X 

X 

X 


X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

0 

0 

0 0 

0 

O 

0 0 

0 

0 

c 

O 

0 

O 

0 

0 

0 

0 

c 

0 

0 

0 

O 

0 

0 

0 0 

C 

0 0 

0 

c 

0 

O O 

0 

O O 

O 

0 

0 


CD 

(h 


3 ctj . , x x p -o p c — 1 1 n r. x x p :o O' o — 1 c\i ^ x x co O' o ^ >c x c m ^ ^ ® c ej ^ x ro c 
C t-» . — < — 4 — * . — i — « eg eg eg eg eg n n m m re re re -e ^ x' ^ ^ ^ ^ n n n n n X x x x x p 

0) CD 



(D 


122 


Plenum Plenum pressure, N/m^xlO 

emperature, 


o 

o 


x x cn cm — < 
in rg & o fn 
4- 4- m m pn 
r- p- r- r- p- 


o —i rsj m O' 
o n- 4- <® 

fO PM rg cm -• 
r- r- r- r- r- 


4* r-l O' CO CO 
x 4 ^ O' n* 
-» o o 

p- p- h- r» n- 


O' eg x O' x 
in 4 CM O O' 
o o o O O' 
f- f- P- P- SO 


co «o 4 m 

oo x in 4 m 

O' O' O' o O' 

X X X >0 X 

• • • 


eg m in o 4 

3* ? CO 00 tt 

>0 X g3 >0 ^ 


ooooo OOOOO OOOOO OOOOO OOOOO ooooo 


h oo e* 4 4 
4 eg O O 
00 CO CO 00 N 

>0 O ^ i^) 


® r* n 4 le 
r- r- r- r* p- 
4 4 4 4 4 


ooooo ooooo 


o 

OS 


in-HNlNfr 
O >0 fH O' 
4 4 <n cn cm 


ooooo 


N 4 4 4 ^ 
X m O r- x 
(NJ OJ fNJ ^ H 


4) eg O O' O 
cm o oo in 4 

-i -■ O o O 
p- p- p- c^ 


*-< 4 oo re O' 
(NJ O 4 MTi 
O O O' O' O' 

p- h- x x go 


o fO f\J H o 

4 m og o 

O' O' O' o O' 

4 4 4 4 4 


O (N 4 O 4 
O' P- in 4 CM 
oo oo oo oo oo 
4 4 4 X 4 


fO CVJ ^ ^ <M 

-noo'cor- 
ooco^e-e* 
4 4 4 4 4 


ooooo ooooo ooooo ooooo ooooo ooooo 


cn in co — • 4 

4444m 
r- p- p- p- p- 

4 4 4 4 4 

• a a a a 

ooooo 


© 

oo 


ooooo 


o 

4) 

c x 

x 

4 

p- 

CM 

X 

X x p- 

o 

4 X 

4 


X 

X 

X 

in 

X 

X 

O' 

x 

O' 

p- 

X 4 

4 

X 

p» 

O' 


4 

4) 

CM 

O' 

43 

ce 

o 

oo 

in 

X r— i O' 

X 

X 4 

CP 

CM 

o 

O' 

X 

p- 

X 

X 

x 

CM 

o 

CP 

X P» 

X 

X 

4 

x 

x 

CM 

eg 

CM 





o 

o 

O o O' 

O' 

O' O' 

O' 

O' 

O' 

X 

X 

X 

X 

X 

X 

X 

X 

r- 

p~ p- 

P- 

r— 

p- 

r- 

p- 

r*- 

p- 

r— 

r- 

r- 


p- 

p- 

p- 

p- p- 4> 

43 

X 43 

x 

4) 

4) 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

• 

• 

• 

• 

• 

• 

• 

. 

• i i 

• 

• • 

• 

• 

• 

• 

• 

• 

• 

• 

a 

• 

a 

• 


• 

• 





o 

o 

o 

o 

o 

o 

o 

o 

0 

0 

0 

o 

0 

0 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

0 

0 

o 

o 

o 

o 

o 

o 


4 x ^ •— i x 
p- x O' x ^ 
x x rg cm cm 
p- r- p*- p- N 

i(i*i 

ooooo 


x 

X 


O' 

X 

O' 

— 1 

4 

O' X 


O' 

X 

p- 

p- 

P* 

X 

O' 

4 

O 

p- 

X 

X X 

X 

X 

o 

X 

X o 

4 

X 

X 

X 

x 

o 

X 

X X 

x 

— ' o 

O' 

p- 

X 

X 

4 

m 

CM 

r-t 

o 

O' 

P- 

X 

X 4 

x 

CM 

CM 

H 

o o 

O' 

X 

o 

o 

o 

o 

O' O' 

O' 

O' 

O' O' 

X 

X 

X 

X 

X 

X 

X 

X 

X 

P- 

r- 

p- 

p- r- 

P- 

p- 

P- 

p- 

p» P“ 

X 

X 

N 

p- 

p» 

p- 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X X 

X 

X 



• 


• 

a 

« 



• 

a 

a 

• 

• 


• 


• 

* 



• t 

• 

• 

. 





O 

o 

o 

o 

o 

o 

o 

o 

0 

0 

o 

o 

c 

o 

o 

o 

o 

o 

o 

o 

o 

o 

0 

0 

o 

o 

o 

o 

0-0 

o 

o 


o 

CO 


o 

X 

p- 

4 

X 

X 

CM 

CM 

X 

X 

X 

X 

4 

X O' 

4 

o r- 

X 

4 

4 

4 

X 

X 

X 


p- 

4 

X 

X 

X 

O' 

X 


X 

X 

rg 

O' 

p* 

X 

X 

-» O' 

X 

r- m 

4 

X 

CM 


o 

o 

X 

X 

X 

X 

m 

rg 

CM 


—t 


O 

o 

O 

CT* 

O' 

O' 

O' 

O' X 

X 

X X 

X 

X 

X 

X 

X 

r- 

r- 

r*- 

p- 

r- 

p- 

p- 

p- 

p- 

p- 

p- 

p- 

r- 

r- 

X 

X 

X 

X 

X X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

* 

• 

• 

• 

• 


. 



a 

• 

« 

• 

• t 

• 

• • 

• 

• 

• 


• 

• 

• 




o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

0 

0 

o 

0 

0 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 


X 4 4 O' CM 

CM — * O O' O' 

r- n o 4 

sO \0 4 4) X 


in O' 4 O' 4 

co p- p»* x x 

4 4 4 4 4 

'O 4 4 4 43 


ooooo ooooo 


p- 

4 

X 

o 

O' 

X 

o 


X 


o 

fH 

X P^ X 

o 

r- x 

X 

X 

p- 

CD 

o 

X 

X 

O' 

p- 

X 

X 

p- 

O' — ' 

4 

30 

CM 

p- 

CM 

r- 

rg 

X 

X 


X 

CM 

p* 

>* 

*-4 

CD 

X 

X 


O' 

P- X 4 

X 

o 

O' 

X 

p- 

X 

X 

X 

4 

X 

rg 


o 

O' 

CO CO 

p- 

X 

X 

in 

X 

4 

4 

m 

CM 

<M 



o 

o 

o 

O' 

O' 

O' 

O' 

X 

XXX 

X 

X X 

P- 

r- 

p*» 

P~ 

p- 

p- 

r- 

p- 


p- 

p- 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

N* 

P» 

p- 


p^- 

p— 

p^- 

X 

X 

X 

X 

X 

XXX 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

NO sO 

X 

X 

X 

X 

X 

X 

X 

X 

• 

. 

* 

# 

• 

• 

• 

• 

• 

* 

• 

• 

1 ( 1 

• 

• « 


• 

• 

• 

• 


• 

. 

• 


. 

• 

• • 









o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

0 

0 

0 

o 

0 

0 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

0 

0 

o 

o 

o 

o 

o 

o 

o 

o 


o 

<4 


o 

X 

00 

in 

in 

O' 

X 

X 

oo 

— < 

p*. 

m 


o 

o o 

*-4 

cn- 

X 

O' 

CM 

X 

o 

4 

4 

in 

p- 

o 

m 

p- 


X 


p- 

CM 

CO 

in 



CM 

00 

in 

rg 

O' 

N* 

in 

m 

CM 

o 

O' 

30 

r» 

x in 

4 

m 

CM 



o 

o 

O' 

CO 

r- 

X 

X 

X 

4 

4 

m 

m 

CM 

CM 

—4 



o 

o 

O' 

O' 

O' 

30 

CO 

00 

CO 

GO 

oo 


p» 

P- 

p- p- 

P- 

p- 

P- 

p. 

p- 

p- 

p- 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

r- 

N 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

v0 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

t 

• 

• 

• 

• 

• 

• 

• 

• 


* 


• 

« 

• • 

• 

• 

• 

• 


• 

• 

• 

• 

• 

■ 

. 

. 



• 

• 

• 

• 

• 



o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

0 

0 

0 

o 

0 

0 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 


s 


4 

X 

o 

p- 

o 

X 

in 

p- 

f— ( 

f- 

in 

pr* 

rr 

f-Oi 

in 

p- 

c 

pr 

p- 


in 

o 

X 


p- 

O' 

CM 

X 

o 



X 

rg 

co 

X 

CM 

O' 

X 

O' 

4 

.H 

P 1 ** 

in 

rg 

o 

ao 

p- 

in 

4 

m 

CM 

1—1 

o 

O' 

O' 

00 

p- 

p» 

X 

X 

X 

X. 

4 

m 

m 

rg 

rg 

-4 

— 1 

o 

o 

O' 

O' 

O' 

CO 

30 

O' 

O' 

O' 

00 

CO 

30 

00 

p- 

p- 

p*- 

p- 

P^ 


p- 

p- 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 




• 

• 

. 

. 


• 

• 

. 

• 

• 

» 

• 


. 

• 

• 

t 

• 

• 

» 


. 

• 

a 


a 

• 

• 

« 


a 





o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

0 

0 

o 

0 

0 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

0 

0 

o 

o 

o 

o 

o 

o 

o 


o 

eg 


O' 

O' 

p- 


O' 

o 

X 

— < 

O' 

O' 

O' 

— * 


r- 


X 

3 

X 

o 

X 

m 

3 

X 

rg 

o 

p- 

rg 

p- 

pp. 

O' 

X 

pp' 

o 

p- 

X 

CM 

O 

CO 

X 

4 

X 

rg 

O' 


4 

m 

•—4 

o 

CO 

p- 

X 

X 

X 

4 

4 

m 

m 

rg 

rg 

•— 4 

—4 

O 

o 

O 

c 

O' 

O' 

30 

X 

p- 

p- 

p- 

N*a 

X 

X 

X 

X 


X 

X 

00 

oo 


N 


p- 



X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

o o 

o 

o o 

o 

o 

o 

o 

o 

o c 

o 

o 6 

o 

o 

O 

o o 

o o 

o 

o o 

o 

o o 

o 

o 

o o 

o o o 

o 

0. 

0. 

0. 

• 

o 

o 


3 

o 


rC\ 

p- 


X 

rg 

CD 

4 

O p- 

X 

rg 

3 

co 

X 

4 

rg 


3 


X 

X 

X 

C 

X 


X 

4 

rg 


o 

O' 

CO 

r- 


X 

4 


CM 


o 

O' 

O' 

co 

CO 

P- 

P~ 

N “ 

X 

X 

X 

X 

X 

X 

X 

X 

X 

4 

sj- 

4 

4 

4 

4 

pn 

m 

m 

X 

X 

X 

X 

CM 

rg 

•M 

rg 

CM 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

o 

o 

o 

o 

o 

o 

o 

o 

c 

o 

o 

c 

3 

3 

o 

6 6 

O 

c 

o 

o 

c 

o 

3 

c 

O 

o 

o 

o 

O 

o 

o 

3 

•3 

o 

o 

o 

o 

o 

O 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

•X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 


X 

X 



X 

O' 

O' 

O' 

O' 

O' 

O' 

o 

O' 

O' 

O' 

(T\ 

CP 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

CP 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

vf 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

t 




• 

• 

• 

• 

a 

• 

• 

• 

• 

• 

• 


• 


• 


• 


• 

• 

• 

• 

• 

• 


• 

( 

• 

• 

• 

a 


• 

a 

a 

« 

o 

o 

o 

o 

o 

o 

o 

o 

c 

o 

O 

o 

o 

3 

3 

0 

0 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

<3 

o 

O 

C 

o 




O' o —I 


_ cm 4 

CM CM CM CM CM 


1-^ 4 I!' 4 s m m 

XX ro ffl fA ^ 


O CM 4 4' -X) 
4 4 4 4 4 


O CM 4 43 X 
in n n in in 


C CM 4 43 X C 

4 4 4-04 P- 


123 


6495 0.6524 0-6553 0.6581 0.6608 0.6634 0.6659 0.6683 0.6706 0*6728 0.6749 


TABLE H. - Continued. THERMODYNAMIC PROPERTIES OF HELIUM 

(d) Continued. Critical density ratio, Pj./p 0 

2 -5 

Plenum Plenum pressure, N/m xlO 

temperature, 

K 100 110 120 130 140 150 160 170 180 190 


O' sp O' CO >0 
ro N O O' N 
in ip in ^ 

p- p- p- p- p- 

O' cm in oo f« 

in 4 fsj o O' 

>4 <4 -4 *4 tr\ 

p- p- p- p- p- 

4 P* O 4 ® 

r- in 4 eg o 

n n rn (^i n 

N N N N N 

CM 'O ft >0 CM 

O' P 45 4 n 

CM CM CM CM CM 

p. p. p. p- p. 

7217 

.7204 

.7190 

.7177 

.7165 

m O' p p 00 
in cm 0 00 43 

^ ft ft 0 0 
p-p-p-p-p- 

O m P cm ao 
in m ^ o ao 
OOOOO' 

P- P- P- P- 45 

in m ft o O' 

4) in >4 cm 

^ ^ ^ ^ ^ 

^ sO >0 ^ 

o o o o o 

6 6 o o o 

o o o 6 o 

OOOOO 

OOOOO 

OOOOO 

ooooo 

ooooo 

in o m o a 
fCi cm O CO <3 
inmmj-^ 
p- p- r- p- 

^ m in p- O' 

n m h o n 

4 -4 «4 m m 

r- r- p- p- p- 

CM 4 p- o m 
'04M-MJ' 
m m m m cm 

P— P— P» p— N 

p ft in o in 

P 4) 4 ro -t 
CM CM CM CM CM 
P- P- P- P- P- 

ft p m 0 oo 

O CO p 4) 4 

CM ft ft ft <—t 

P- P- P- P- p- 

in cm 0 0 f< 
cr> ft 0 p- in 
ft ft O 0 0 

p-p-p-p-p- 

m 43 O 43 <M 
POftOCOP- 

O O O O' O' 
p P P 43 43 

O' p- 43 in <r 

in >4 m cm -p 

O' O' O' o o 

43 43 43 43 *0 

o o o o o 

o o o o o 

ooooo 

OOOOO 

ooooo 

6 6 0 0 0 

ooooo 

OOOOO 

o r- o o 

rn ft cn n >0 

in in 4 " «r 

r— p^~ r— r— 

ng n 4 - in P* 

4 nj o oc 'C 

4 4 4 W ('i 

r- p- p- p- 

00 O N 4 P* 
4 n f< O' P* 

m m pn cm rg 

p- p- p* pf p* 

o 4 ao m oo 

43 4 CM ft O' 

CM CM CM CM ft 

P p- p™ P> P» 

m O' in rsj o' 
co >0 in %4 cm 

^ ft H ft — t 
p- p- p- p- p- 

P 4 CM CM O 
ft 0 p in cn 
f* O O O 0 

p— p— p— p— p- 

in CP >4 O' 43 

ft CP aO 4) in 

O O' O' O' O' 

P- sC 4) 43 43 

m ft o cp O' 

4 cn CM O O' 

CP O' O' O' CO 

O 43 43 4) 43 

o o o o o 

o 6 o O O 

OOOOO 

OOOOO 

OOOOO 

OOOOO 

ooooo 

OOOOO 

inooOf-«-t 

<m o cr r- in 
inm-4’vj’>3- 
p- r- r- p» r- 

ft «—t CM CM CM 

m H O' sin 

4 4 m m m 

p- p- p- p- p- 

m 4 45 CO O 
m -h O' f o 

m m cm cm cm 

p- p- p- p- p- 

43 O 4 O' 
4<Mf*C'P 
CM CM CM ft ft 
PP PPP 

<4 0 >o m 0 

>0 in m cm —• 

p— p— p- Pf p~ 

00 4 in fO 4 

O p in m ft 

OOOOO 

p-p-p-p-p- 

P h 43 M O' 

O' co 43 in cO 

O' O' O' O' O' 

\0 43 4) 43 43 

43U"\>4<'0>4 
CM ft O CP OO 

O' O' O' co ao 

43 .0 •'O 4) 

o o c o o 

ooooo 

OOOOO 

OOOOO 

ooooo 

OOOOO 

ooooo 

OOOOO 

C -t ft -1 o 
NOCO'O'J- 

in in sp •>*- >r 

p— p— r— p— p— 

O'O'COSN 

h o' f— in m 

4 rn m on 

N N P- P— P— 

P MX) CP -t 

-1 cp Mn 4 

rn Psl CM fM CM 

P P P S N 

fci 4) O 4 ® 
cm o O' p- m 

CM CM H H ft 

p-p-f«~p.p- 

n c m cm o' 

4 CM — O CO 

-t f -• ft O 

p P P P P 

N 4 nj fp 4 

p in (*3 ft O' 

O O O O O' 

p- p- p- >0 

CO CM P >4 ft 
p 4) 4 m rsj 
O' O' CP O' O' 
■O 43 4) 43 43 

OP-P-P-P. 

O CP CC P 45 

CP co 00 x ao 

sQ sO >0 4 'O 

o c o o c 

o o o o o 

OOOOO 

OOOOO 

ooooo 

OOOOO 

ooooo 

O C O O o 

<n on CM O co 

ft r*~ in <m 

in gp >4 >4 

r- p- p- n p- 

<3 4 04 o O' 

O CO O 4 -• 

4 m m m cn 

N S P p p 

CO (JO 00 O' O 

o p- in m cm 

(M CM CM CM CM 

N P P P P 

CM in co CM <3 

o co vO in m 

CM f^ ft —t ft 

P P P P P 

f^P-f^OP- 
CM O O' 00 45 

ft ft O O O 

P- P- P- P- P- 

in 04 H CM 4 
inmfta'P' 
O O O O' O' 
p- p- 0 0 

ao cm co in cm 

in >4 cm ft o 

O' O' O' O' O' 

nO ^ %o 

.6890 

.6880 

.6869 

.6860 

.6850 

o o c o O 

o c c o o 

OOOOO 

OOOOO 

ooooo 

ooooo 

ooooo 

ooooo 

o co 43 m —< 
p- p- r>- p- p- 

-tP4MO' 
O' 40 >4 CM O' 
rO f\l 

N» )S^ ^ 

CO vO 4 43 P 

r- in ro — < O' 

•M CM CM CM —t 

p-mp-p-p- 

O' ft 4 CO' CM 

P 45 4 M ft 

— t — * — t — « 

p- p- p- p- r- 

P cn O' 43 4 
O' 30 45 IT 4 

ooooo 

p- p- p- p> 

CM O' O' O CM 

ro O D P in 

O C3 O' O' O' 

P P 43 43 43 

43 ft co in m 

m cm o cp co 

O' O' O' ao co 

45 43 45 45 >0 

ft ft PJ ro 

p~ 43 in <>4 ro 

CO X CO 33 00 

\Q 4 4 4 4 

o o o o o 

6 6 o o o 

OOOOO 

OOOOO 

ooooo 

OOOOO 

ooooo 

ooooo 

43 cm oo tn ao 

O' P- <t INI O' 

<r <f >r *r 

S h* N N S 

n CO 4 O N 

N 4 l\| O N 

cn n n n r\i 

N N N N N 

4 CM — 4 f-« CM 
mm—tO'P- 
(\l c\| c\) ft f< 

p s. p p p 

ftp in x cm o 
in m —< O so 
ft ft — 1 o 

p p_ p. p— h— 

ft P 4 H CD 
p m 4 m ft 

ooooo 

p-p-p-p-p- 

p in in p 0 

C S 3 4! 4 ^ 

O O' O' O' O' 

P- 43 -45 P3 43 

4 O 4) 4 (5J 

—t O 03 P- 43 

CP CP 03 CO CC 

45 43 43 4 45 

(M CM CM fO in 

in -«4 rO CM — t 

co co cc ac oo 

v£5 45 'C 45 4) 

o c o o o 

ooooo 

OOOOO 

66606 

ooooo 

OOOOO 

ooooo 

ooooo 

in O' m so O' 

co m w o ^ 

>}■ 4 - 4 - >r i^i 

p- p- p- p- p- 

• • • • • 

o c o o o 

0.7353 

0.7326 

0.7301 

0.7276 

0.7251 

oo in 4 n 

CM O 4) 43 4 

cm CM *-t — * ft 

P-P-P-P-P* 

• • • • • 

OOOOO 

in p- 0 m co 

cm 0 O' p in 

^ -t 0 0 O 

p- p- p- p- 

OOOOO 

m rp >0 m h 

4 cm —< 0 cr 

OOOOO" 
P- P- P- P- >c 

• . • . • 

OOOOO 

O O' O <M 43 

CO IT 4 CM O 

O' O' O' O' O' 

43 43 'C 45 'O 

■ • • • • 

OOOOO 

-t P 4 CM ft 

O' P 45 in -4 

co co co ao ao 

43 4) 4) 45 4) 

• • • . • 

ooooo 

0.6831 

0.6821 

0.6812 

0.6804 

0.6796 

M 4 in 43 S 

n 4 - 1 co in 

4 4 4 T (P 

p- p- p- p- p- 

O' ft 4 CO CM 
noC N 4 N 
pi 1*1 CM CM CM 

P- P- P- p- P-* 

go in cn cm cm 
o p- in m — t 

p p p p p 

n 4 ; O' n 03 
O p in >4 cm 
OOOOO 

p p p p p 

cn 0 p IT cn 
ft 0 CO P O 
OOOOO 
P P O 4) 43 

CM CM ro 43 ft 

in ro ft O' CO 

O' O' O' CO 00 

43 45 45 s0 >0 

43 m ft O O' 

43 m ^ pi —* 

ao co oo oo ac 

43 43 O 43 4 

O O CM 4 43 

—■ O CP COP- 
CO CO P P- P 

43 43 43 43 43 

c o o o o 

o o o o o 

OOOOO 

OOOOO 

c s 0 O c 

O O C O O 

ooooo 

O O C O O 

in in tn nj ft 

in nj o O ^ 

4 4 tn ip rn 

r- r- p- r- p- 

o m in O' 

o P- 4 " — ’O 

n Cvl ,N M -H 

p- P- |*w 

4 «—t O ro to 
O>4-^0'P- 
ft ft ft o o 

M p* P“ Pf P* 

O' cm in 0 in 

in 4 m 0 5 s 

0 0 0 0 0 

p - p. p- 0 

ft CO vO 4 Pi 

co 43 m 4 m 
OOOOO 

>0 O >0 0 0 

n min ci 4 

CM O 00 45 m 

O' O' co 00 00 

43 43 43 45 43 

ft CC p 43 4> 

4 CM ft O O' 

co ao co co p 

43 43 43 .C 43 

P co O m 43 
co p- p- 43 m 

r«—P-*-p-r- 

43 >0 43 45 43 

o o o o o 

OOOOO 

ooooo 

OOOOO 

OOOOO 

OOOOO 

OOOOO 

OOOOO 

■n -c p- x> ct 

O—tCM^^ 
CM CM <M CM CM 

in 4P TDO 1 

CM CM CM CM CM 

O — 1 (M T 4 

PP rp *0 <f, po 

iT 43 P ® P 

C M 4 43 CO 
>4- <r >4 4- 4" 

O CM s4 43 oc 
in m in it n 

O CM >4 43 00 
43 45 43 45 O 


O 

O 

* 0 

9 

o 


m 

o 

O' 

43 

9 

o 


o 

O' 

CO 

43 

o 


> 1 - 

r- 

00 

43 

• 

o 


CO 

in 

co 

4> 

o 


CM 

CO 

43 

• 

O 


in 

CM 

CO 

4) 

• 

o 


O 

oc 

43 

o 


CO 

00 

p- 

43 

• 

o 


cr 

43 

p- 

<3 

o 


O 

p- 

43 

© 


124 



Plenum Plenum pressure, N/m^xl0“ 5 

temperature, 

K 200 210 220 230 240 250 260 270 280 290 


o 

o 

co 


O <NJ CN» eg fM 

<o in g- 
in iri m in m 
p p p p p 


^ O' oo o 

cr ao p 4) 

in 4 4 4 4 


eg O oo 43 4 

4 4 4 4 - >t 
NKNSS 


fn «-■ • o* p *o 

O' oo *o m 4 

<n m re m m 

p p p p p 


4 re pg ^ © 

re (N h o O' 

m re ro m 

p p p p p 


ooooo ooooo ooooo ooooo ooooo 


O' CO 00 O' O 

Me re ^ o 
eg eg rg rg rg 


ooooo 


eg m O' re oo 
® «o 4 re 


p p p p p 
• • • • • 

OOOOO 


>3- O P 4 eg 
oo'N^in 
-• o o o o 


ooooo 


O' 

o 

o 

o 

O' 

p 

in 

re 

—< 

O' 

p 

in 

eg 

o 

00 

in 

re 


O' 

p 

sO 

4 

re 


o 

O' 

ao 

oo 

in 

in 

4 

re 

iH 

o 

O' 

co 

p 

in 

4 


eg 

<— J 

O' 

oo 

p 

<3 

4* 

re 

eg 

r*4 

o 

O' 

CO 

4) 

4 

eg 

in 

in 

in 

in 

in 

in 

4 

4 

4 

4 

>3* 

4 

4“ 

>4 

rO 

re 

re 

re 

re 

re 

re 

re 

re 

rg 

eg 

eg 

eg 

rg 

p 

p 

p 

P 

p 

p 

P 

p 

p 

p 

P 

p 

P 

P 

p 

p 

p 

p 

p- 

P 

p 

P 

p 

p- 

p 

P 

p 

p 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

« 

• 

• 

• 

• 

• 

• 

• 

• 

« 

• 

• 







o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

O 

o 

O 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 


h g CO eo fw 

Mn re rg o 


p p p p p 


m O' sO ^ eg 

O' e- v o m 4 

ooooo 


ooooo ooooo 


p oo oo p in 

in >4- re rg — < 

m in in n in 

p p p p p 

• • t • • 

ooooo 


4 H O' >0 4 

o 0 p o in 

in nJ- vr <r >r 

p p r— p- r^- 

• • * • • 

ooooo 


^ oo >o re o 

-4* eg — * o O' 

4 4 4 4 re 

p p p p p 


ao in m o co 

p 4> in 4 eg 

re re re re re 

p p p p p 


43 in re rg o 

HOCMDN 
re re r\j m tvj 
p p p p p 


ooooo ooooo ooooo 


O' oo p p oo 
m re cr p 

rg rg eg -g — « 

p p p p p 
ooooo 


O re ^ h 
43 4 eg — « o' 


p p p p p 
• * # • . 

ooooo 


Hcoirrg^ 
co 43 in 4 re 
ooooo 

p p p p p 

ooooo 


43 

in 

4- 

eg 

o 

P> 

4- 

^-4 

03 

in 

eg 

00 

in 

rg 

O' 

P- 

4- 


O' 

p* 

in 

re 

—4 

4“ 

re 

eg 

-H 

o 

03 

P- 

43 

4- 

re 

eg 

o 

O' 

00 

4) 

in 

4" 

re 


o 

O' 

00 

P- 

in 

in 

in 

in 

in 

4" 

4- 

4- 

4- 

>r 

gr 

4- 

re 

re 

re 

re 

re 

re 

re 

re 

eg 

eg 

eg 

r*m 

p 

p- 

p- 

p» 

P- 

P- 

P- 

r- 

p- 

p- 

P- 

p- 

p- 

P> 

p- 

P- 

p- 

p- 

p- 

p~ 

p* 

p. 

• 

• 

* 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

« 

• 

• 

• 

♦ 

o 

o 

O 

o 

o 

O 

O 

O 

o 

o 

O 

o 

o 

o 

O 

o 

o 

o 

O 

O 

o 

o 

o 

4” 

re 


co 

in 

eg 

O' 

in 

eg 

03 

4- 


p- 

4- 


p- 

4* 


O' 

43 

4* 

eg 

o 

4 

re 

eg 

Q 

O' 

00 

43 

in 

4" 

eg 

< 

o 

03 

P» 

o 

4“ 

re 

eg 

o 

O' 

03 

p~ 

g3 

in 

in 

in 

in 

4- 

4* 

4“ 

'T 

4- 

4" 

>r 

4" 

re 

re 

re 

re 

re 

re 

re 

eg 

eg 

rg 

rg 

p 

p- 

fN “ 

r- 

P- 

P* 

P- 

P- 

P> 

r- 

r- 

P- 

r- 

r- 

p- 

P- 

p- 


p» 

p- 

r- 

r*- 


O 

o 

o 

o 

O 

O 

O 

O 

O 

o 

o 

O 

o 

o 

O 

O 

O 

# 

o 

■ 

o 

• 

O 

• 

o 

• 

O 

• 

o 


CON43>OP- 

4 eg o oo >o 
eg m eg ^ 
p» p* p p p 


® ^ 4 cr 4 

4 re cr co 

rH —1 O O 

p p p p p 


o ^ re ^ o 

Mn 4 re <\j 

ooooo 

P 1 pfc p^ p*» p 


ooooo ooooo ooooo 


r* in 4 4 4 
re — * O' p m 
rg eg — < -i 
N N P- N N 


O cr rg p eg 
reHOoos 
-H -H ~4 O O 

P P P P P 


N 4 O CO 

n 4 re r\ o 

ooooo 


ooooo 


ooooo 


ooooo 


NHOP4 
in 4 re ^ o 
in in in n in 

p p p p p 

• • • • • 

OOOOO 


h s m o m 

O' >0 4 re 

4 4 4 4 4 

P P P r~ p 


-4 s re O' in 
rg o O' p 43 
4 4 re re re 

p p p p p 


OOOOO OOOOO 


4“ 


CO 

in 

re 

o 

co 

4) 

in 

eg 

r-4 


— 1 

re 

43 

O' 

4- 

O' 

in 

eg 

O' 

p- 

43 

eg 


O' 

oo 

p- 

43 

4 

re 

rg 

o 

co 

o 

4- 

rg 

O 

CO 

r- 

in 

4- 

re 


o 

O' 

re 

re 

eg 

eg 

eg 

rg 

eg 

rg 

eg 

eg 


H 

H 



O 

o 

o 

o 

o 

o 

o 

O' 

p- 

p> 

M 

p~ 

P* 

p» 

p- 

p- 

P- 

p- 

P- 

p> 

p^. 

p- 

P- 

P- 

p- 

r- 

p- 

p- 


p~ 

43 

* 

• 

• 

• 

•- 

• 

• 

• 

• 

. 

• 

• 

. 

• 

• 

. 

• 

• 

• 

. 

• 

• 

• 

o 

o 

O 

o 

C 

C 

o 

O 

O 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

O 


o 

O' 

4) 

re 

CP 

m 


P- 

rg 

00 

re 

CO 

4 

o 

in 


p- 

re 

O 43 

re 

^4 

00 

4 

4 

eg 

O' 

CO 

p 

00 

o 

eg 

43 

o 

43 

eg 

O' 

p 


re 

in 

re 

eg 


O' 

co 

p- 

in 

4- 

eg 


O' 

03 

o 

in 

4 

eg 


O 00 

p- 

43 

4 

re 

eg 


03 

43 

4 

eg 


O' 

P 

43 

4- 

re 


o 

O' 

00 

in 

in 

in 

in 

4“ 

4* 

4* 


4- 

4- 

4 

re 

re 

re 

re 

re 

re 

re 

re .eg 

rg 

eg 

rg 

g 

eg 

eg 


*—4 




o 

O 

O 

O 

o 

o 

o 

O' 

O' 

r- 

p— 




p- 

P" 

p- 

P- 

p- 

P-- 

•r- 

p- 


p- 

p- 

p- 

p- 

r*- 

e- 

p- 

p» 

p 

p- 

P- 

P 

P 

p 

P 

p 

p 

P 

P 

P 

P 

p 

p 

43 

4 

o o o 

o o 

o o 

o 

O 

O 

O 

o 6 6 

o 

o 6 

o o o 

6 o 

O 

o 

o 

o o 

o 

O 

O 

o 

o 

o o o 

• 

o 

• • 

o o 

• # 

o o 


CO 

43 

re o' in 

O IT 

O 

in 

O 

4 

O' 4- 

O 

in 

O 43 

eg 03 4 

-* aa in eg 

o 

co 43 

4 

re 

4 

43 00 

eg 

p 

eg 

33 

43 

re 


o 

4 

f" 

eg o O' 

CO 

43 

•4 

re 

eg 

O 

CO P 

in 

4 

fO —4 

C co P 

43 4 re rg 

1—4 

O' P 

in 

re 


O' P 

O 


re 


o 

O' 

co 

P 

in 

in 

in in 4" 

4 

4 

4 

4 

4 

4 

rr> re 

re 

re 

re re 

re eg cm 

rg eg eg eg rg 



—4 


o o 

o 

o 

C 

C3 

c 

cr 

O' 

O' 

f"— 

• 

r*- 

p p p 

P 

P 

P 

P 

P 

P 

p p 

p 

P 

P P 

p p p 

fs- fs- P 

p 

p p 

e- 

p 

p 

p p 

P P 

p 

p 

p 

4) 

43 

4> 

o 

o 

ooo 

O 

O 

O 

o 

O 

O 

OOO 

O 

O O 

OOO 

oooo 

o 

o o 

O 

c 

o 

• • 

o o 

o 

o o 

• • 

o o 

O 

C 

• 

O 


in 

eg 

O' 

4 O' 

4“ 

OO 

eg 

P 


in 

O' 

4 

co 

re 

00 

4- 

O' in 

~-4 

P 4- «-* 33 

43 

4 


O' 

cr 

O' 

-1 g CD OJ 

CO 

in 

eg 

o 

CO 

P 

4 



O co 

P 

in 

4 

eg 


O' 

p 

43 

4- 

re 


O 

00 P 

43 

4- re rg O 

O' 

=0 

43 

re 

_4 

O' 

CO 43 4 

re 


o 

O' 

00 

43 

in 

m 


m 

m 4 

4- 

4 

4" 

4 

4 

re 

re 

re 

re 

re 

re 

re 

rg rg 

eg 

rg eg eg eg 


f— 4 

«-4 


r— ^ 

o 

ooo 

O 

o 

o 

O' 

O' 

cr 


N 


>- 


P 

P 

P 

P 

P 

p 


p 

p 

p 

p 

p 

P P 

P 

r-w r- p p 

p 

p 

p 

p 

P 

p 

P P P 

P 

p 

p 

43 

43 

43 

43 

OOOOO 

O 

O 

O O 

O 

O 

O o c 

o 

o o 

OOO 

oooo 

o 

ooo 

o 

o 

ooo 

O 

o 

o 

0. 

0. 

0. 

O 


eg 

O' 

4 

O' 

re 

r»- 

— i 

4 

co 

— 1 

in 

O' 

re 

p 

<~4 

43 O 

43 


p 

re 

O' 

43 re 


O' 

43 

4 

re 

4 

43 O' 

re, 

P 

re 

O 

P 

in 

4 

re 

4 

eg 


O' 

co 

43 

in 

re 

— < 

o 

co 

o in 

re rg 

O O' 

P 

43 

4 

re 

i-4 

o O' 

33 

43 

4 

eg 

o 

co 

43 4 

re 


C 

O' 


43 

in 

4 




4 

4 

4 

4 

4 

4 

4 

re 

re 

re 

re 

re 

re rg 

eg 

rg 

rg 

eg 

rg 

rg * 

*— 4 


~-4 

i— < 

^-4 

o 

O O 

o 

C 


O' 

O' 

cr 

O' 


• 


f*— 

• 

• 

r- 

• 

P 

p 

P 

P 

P 

P 

p 

p 

e- 

p 

P P 

p 

p 

P 

P 

P 

P P 

p 

P 

p 

P 

P 

p 

P P 

p 


P 

43 

43 

43 

43 

43 


o 

OOO 

O 

o 

o 

O 

O 

O O 

o o 

o 

O O 

o 

o 

o 

O 

ooo 

o 

O 

O 

O 

o 

o 

O O 

O 

c 

O 

O 

O O 

C 

O 


O' 

4 

O' 

re 

43 

O' 

eg 

in 

CO 


4 

f— 

o 

4 

00 

eg 43 


43 

eg 

K- 

4 

o 

p 

in 

re 

cr 

p 

p 

co 

o 

p 

eg co 


re 


r~- 

O' 


eg 

O 

O' 

P 

in 

4 

eg 

o 

O' 

P 

in 

4 

eg 

o 

O' P 

4) 

4 

re 

_4 

O 

O' 

p 

43 

in 

rg 

o 

CO 

vO 

in re 


O co 

P 

43 

m 

4 

eg 



m 

4 

4 

4 

4 

4 

4 

re 

re 

re 

re 

re 

re 

eg eg 

eg 

eg 

eg 

eg 

eg 


4-4 



H 


o 

o 

o o 

ooo 

O' 

O' 

O' 

O 

O' 

P*- 

• 

• 

r- 

• 

N* 

• 

f*“ 

P 

P 

P 

P 

P 

p 

ps “ 

p 

p 

r- 

p p 

p 

p 

p 

h*. 

P 

p 

p 

P 

p 


p 

p 

p 

p p 

p 

P 43 

43 

43 

43 



O 

O O 

O O 

O 

O 

O 

O 

O 

o o 

o 

C 

O 

O C 

O O 

O 

o o 

o o 

o 

o 

c 

o 

o 

o 

c o 

o 

OO 

O 

« 

O 

C 

# 

o 

• 

O 


o 


in 4> p 33 O' 

o — 

eg 

re 

4 

in 

43 p 

co *r 

O — < eg re <r 

in nO p co O' 

O 

ej 

4 

43 

X 

0 

eg 

4 

43 CO 

o 

eg 4 



• ^ < * — * 

eg eg 

eg 

eg 

eg 

eg 

eg rg 

eg ej 

e e frt ^ 

»e re re re re 

4 

4 

4 

4 

4 

n 

IT 

in 

m u-. 

43 

O 43 

o 

i 


125 


6919 0.6933 0.69^7 0.6960 0.6973 0.6985 0.6997 0.7009 0.7020 0.7031 0.7041 


o 

03 


o 

00 


s 

w 

a 

ft 

o 

03 

ft 

w 

ft 


ft 

u 

i 

>• 

o 


w 

a 

H 


T 3 

0 ) 

| 

c 

o 

u 


a 

w 

5 


o 

^ 'o 

4 * x 

O ^ 

ci 
u 


'S 


rt 

o 


u 

U 


T 3 

0 ) 

3 

g 

+-> 

c 

o 

U 


O' rg o ^ in 

>f g- ro m ini 

f- r» r- r- m- 
^0 *o o *o 

t • t • • 

o o o o o 


00 CM X X 
cm CM <— ■* >— < O 


X X X X X 


o x o x 

NhhOO 


^ sO <*0 

• #•11 

o o o o o 


•—< X CM 00 'f' 
O O' O' 00 ® 

r*- x x x x 

n 0 s 0 O o 'O 


r- cm O' x cm 

O' O 00 CO Q 0 

x >0 x x x 

X X X X X 


coxcmor- 
r- n- r*~ r*- x 
*0 x go x x 

<C v 0 X X g) 


ooooo ooooo 


o <o ^ o 

ao r- r- x so 

o >o >o o o 

X X X X x 


mo h N 
«o «o in ir\ in 
•O >c o >c >o 
X X X X 'C 


ooooo ooooo ooooo ooooo 


X o in o x 

o o 0 cr qo 

c- r- x x x 

X X X X X 

• • • • • 

ooooo 


cm co cm O' m 

cd r- r-~ x x 

x x x x x 

<fl vQ >0 'O 


pj N (Ci IT' <3 

co n- r* >o >o 

\C sO *0 'O nO 

o >o o >o o 

• • • « • 

ooooo 


-I N m o S 

onining- 
'£)'£) *C >C <3 
X X X x x 


oooco ooooo 


O' tn r* c*' 

inninsj-^ 

x x x x x 
X X X X x 


O' vO C N 
CD pm cm C\j 

vO X X X >0 

X X X X 'O 


cm O' in cm O' 

x in in m >* 

x x X x sO 

>C X 'C 'C 

• • • • • 

ooooo 


m o co n n 

g - m m 

XXX X X 
X X O X X 

• • • • • 

OOOOO 


4 " M O I'- MT 

CM CM — < —• ~ • 

O <fl «0 >0 «C 

<0 >0 'O O 


i"> 4- — « O' x 

>j- sf vj- m m 

X X X X x 

O O 'O o o 

OOOOO 


O ma (\j O 
co rvj fM CM fNj 

>o >o »o >o 

>0 X X X X 

• • • • « 

OOOOO 


MOX'O'T 

-< — O o o 

«C <fl 'O '0 'C 

X X X X X 


ooooo 


OOOOO 


OOOOO 


OOOOO 


>0 m 

-< cn 'O g <\ 

O X 

in in 

in ^ 4- 

cm i 

O 'O 

d C O *G 'C 

o o 

o 

'C >o >o >o >0 

M3 M3 

• • 

• • • • • 

• • 

o o 

ooooo 

o o 

CM O' 

r- tn cm O' 

m- in 

>r cm 

cm cm cm cm cm 

CM CM 

O vO 

O >£) <3 'O <3 

M3 M3 

O sO 

sO 'O O >0 s O 

M3 M3 

• • 

* • • • • 

• • 

O O 

ooooo 

o o 

r*» in 

cm ^ O' n- 'O 

CM 

CM CM 

m h ^ 


O O 

\Q sO 'O 

M3 M3 

'O sD 

mQ %o “O >0 nO 

M3 M3 




o c 

ooooo 

O O 

CM O 

O' n- m cm cm 

O O' 

i p-j ^ 

ooooo 

O O' 

nO so 

n xO <3 o <o 

M3 n 

1 sO >o 

vO sO >o o o 

M3 M3 


• • * • • 

• • 

1 o o 

ooooo 

O O 

i r- m 

M- CM p-J O' 00 

M3 n 

■ O' O' 

O' O' O' X oo 

X X 

* in n 

*n n n in in 

in n 

i n ^3 

'O *0 ^0 sO 'O 

M3 M3 

1 o o 

ooooo 

O O 


^O'N'O'I 
CO CM CM CM CM 

<0 *0 "O 

^ ^ ^ 

• I • • • 

OOOOO 


>0 <0 'O 'O 'O 
>0 >0 >C nO sO 


OOOOO 


o n m og h 
OOOOO 

^ o o « o 

o o o >o >0 

• • • • • 

OOOOO 


CO CM — • O CO 

O' O' O' O' 00 

m m in tn in 

X X X X X 

• • • • t 

OOOCO 


O O' on f— x 


in in in m m 
^ ^ O O M3 


OOOOO 


o 

CM 


1 O' 

M 3 

M- 

CM 

O 

O' 

r- 

in 


CM 

O 

O' 

X 

h- 

in 

<r 

rT' 

rM 


O 

o 

CO 

r*- 

o 

X 

X 

> 4 - 

CO 

cm 

CM 

— i 

0-1 

o 

o 

o 

00 

X 

o 


3 r*- 

r- 

r- 

n*» 

r- 

M 3 

M 3 

M 3 

M 3 

M 3 

M 3 

n 

in 

n 

in 

X 

X 

X 

X 

X 

MT 

■sT 

M- 

M- 

>T 

sf 


M- 

4 - 

>T 

>T 

4 - 


*m 

cm 

cm 

m 

fO 

,*m 

' n 

n 

n 

n 

X 

n 


in 

n 

n 

in 

in 

in 

n 

X 

X 

X 

lT 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

3 M 3 

M 3 

M 3 

M 3 

M 3 

sC 

M 3 

M 3 

M 3 

M 3 

M 3 

M 3 

M 3 

M 3 

M 3 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

3 O 

O 

O 

O 

O 

o 

O 

O 

O 

O O O 

o 

O 

O 

O 

O 

o 

o 

O 

O 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 


O 

X 


M 3 

M" 

X 

CM 


O 

rr 

X 

o- 


M 3 

X. 

*r 

M- 

cm 

CM 

CM 

_ 

o 

c 

O' 

*T* 

CO 

00 


c— 

X 

o 

X 

X 

X 

4 - 

4 - 

X 

cm 

i n 


M" 

st 

sj" 

>y 



nJ- 

>t 

cm 


cm 

X 

cm 


CC' 

rr. 

CO 

co 

CO. 

cm 

cO 

X 

CM 

CM 

CM 

CM 

mj 

CM 

CM 

"M 

CM 

mj 

PM 

CM 

CM 

CM 

CM 

i n 

in 

in 

n 

n 

in 

in 

n 

n 

in 

n 

m 

n 

n 

X 

X 

X 

X 

X 

X 

X 

X 

■n 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

n 

3 M 3 

• * 

M 3 

• 

sO 

M 3 

M 3 

• 

M 3 

• 

M 3 

• 

M 3 

• 

M 3 

• 

M 3 

• 

'O 

• 

^0 

• 

M 3 

• 

M 3 

• 

M 3 

X 

X 

• 

X 

X 

X 

• 

X 

• 

X 

• 

X 

X 

• 

X 

X 

X 

• 

X 

X 

X 

X 

X 

• 

X 

X 

• 

X 

X 

« 

X 

X 

X 


OOOOO 


M" cO rO CM — < 

CM fM CM nj CM 

lo n in in in 

x x x x x 


OOOOO 


-i O O' O' 00 

IN (NJ —i —i ~i 

in in in in in 

X X X X 'O 


OOOOO 


OOOCO 


co r- n- r- 'O o in m. n >r m* ^ m co m m m nj ^ 


in in m in in 

\C •{) 'O <o >o 


n in in n un 

vO vC «o %c o 


n m m n m 
>o >o 'O >o >c 


n in n n un 
>c >0 -O 'O 'O 


^ -i p-i c o 


in in n in in 
'O "O *0 '0 


(M 

CM 

'O 

sO 


O' r- in M- n — * 


<3 


in 

•o 




4 - 

c 

r- 

cm 

o 

r-» 4 - 

CM 

O' 

r- 

4 - 

CM O X 

X 

4 * 

CM O 

X 

r- 

X 

4 - 

CM 


O' 

X 

rs. 

X 

4 - 

fO 

CM 

P -4 

o 

O' 

CO 

f- 

X 

X 

4 - 

cm 

cm 

•s 


cn 

cm 

CM 

CM 

CM 




o 

o 

o 

o o 

O' 

O' 

O' 

O' 

O' 

X 

X 

CO 

CO 

X 

CO 

r- 

m- 

h- 

r- 



r- 


r— 

X 

X 

X 

X 

X 

X 

X 

X 

03 

o 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

(h 

3 

X) 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

W 

M 

03 


c 

c 


o 

o 

o 

o 

o 

c 

o 

c 

o 

o 

o 

o 

o 

c 

o 

c 

o 

o 

c 

o 

o 

o 

c 

o 

o 

o 

o 

o 

o 

o 

o 

o 

c 

o 

o 

o 

o 

o 

a 


X 

X 

CM 

O' 

r~ 

4 - 

CM 

o 

00 

X 

4 " 

CM 

o 

X 

c- 

X 

4 - 

CM 


O' 

co 

r- 

o 

4 - 

cm 

CM 


c 

O' 

co 

r- 

X 

X 

4 - 

PC' 

PC' 

CM 


o 

o 

O' 

§ 


o 

o 

O 

O' 

0 ' 

O' 

O' 

O' 

CO 

X 

X 

X 

X 

r- 



h- 

r- 

r- 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

4 - 

o 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Q-> 


X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 







• 


• 


• 


• 

• 

• 


« 

• 

• 









• 


• 

• 


• 

• 

• 

• 

• 


• 

• 

• 



ft 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

c 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 


OOOOO OOOOO coooc OOCOO 


OOO^O 

— I — I O o 

.n n n u*' n 

>c o s 0 o v 0 


n 

>c 


OOOOO 


OOOOO 


ocooc OOOOO OCOOO 


OOOOO 


OOOOO 


in in n m in 
O' O O O O' 
M" M" 'J’ 

^ JJ'C 'O'C 


in in in in in 

C 1 O' ^ (T ^ 

sO >0 O v 0 sO 


n n in in in 
O' O' O' O O' 
'tg-'T'f'J- 
'O ^ O C <0 


m n in n m 
O' O O' O O' 

<r 

sc sc n o sc 


in n in n n 

O O' O' O' (O' 

g- 'T 't 'i - >t 

o sC- <J -c 


in in n in in 

4 “ <r <n <n 

o c o O 'C 


in m m in m 

O' O' O' CO O' 

>0 >C vC >c ^ 


m n in in m 

O' O' O' O' O' 

g- g- g- 'T 

>n o o o 


o 

o 


OOCOO 


O O O O i 


OOOOO 


OOOOO 


o c o ; 


lOOO cocoo 


O O O o ! 


a> 

u 

B 2 

*1 

a> 


O CM -J* sO OC 


o cm <r 

t ** o s 


O CM M- >C T) 


C M s* vC X 


."M nj CM M ~M 


>C- cc c nj ^ <C t 


o nj v* X o 
<r <r nt m- 


126 



Plenum Plenum pressure, N/n/xlO~ D 

temperature, 

K 100 110 120 130 140 150 160 170 180 190 200 

70 0.6749 0.6769 0.6788 0.6807 0.6825 0.6842 0.6858 0.6874 0.6890 0.6905 0.6919 


o 


CM 

4 

X 

O' 

1-4 

IT* 

CO 

CM 

X 

o 


O' 

co 

co 

co 

O' 

4 

o 

x 


P 

ro 

O >0 

CM 

O' 

x 

CM 

O' 

x 

m 

o 

r- 

4 


O' 

X 

—4 

o 

O' 

co 

p 

>0 

x 

in 

4 

4 

m 

ro 

CM 

<-« 

— • 

o 

o 

O' 

O' 

O' 

co 

ao 

p 

p 

P X 

x 

in 

in 

in 

4 

4 

4 

-4* 

rn 

ro 

m 

CM 

CM 

O' 

d 

CO 

co 

CO 

CO 

CO 

CO 

00 

oo 

co 

CO 

CO 

co 

co 

co 

co 

p 

p 

p 

p 

p 

P 

p 

p p 

P 

p 

p 

p 

p 

p 

p 

p 

p 

p 

p 

P 

P 

x 

>0 

X 

X 

X 

X 

>0 

x 

X 

>0 

>0 

>0 

X 

X 

'O 

>0 

x 

x 

X 

x 

sO 

X 

X 

x 

x x 

X 


x 

x 

X 

X 

x 

x 

X 

x 

x 

'O 

x 

* 

• 

• 

. 

• 

. 

* 

• 

• 

. 

• 

• 

• 

« 

* 

• 

• 

. 

• 

. 

. 

• 

« 

. 

t • 

* 

. 

• 

. 

• 

• 

. 

• 

• 

« 

• 

. 

• 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

0 

0 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

0 


in 

p- 

© 

o 

co 

in 

00 

CM 

in 

O' 

m 

CO 

CM 

h* 

CM 

p 

CM 

p 

ro 

O' 

in 


p 

ro 

O' 

X 

CM 

O' 

in 

CM 

O' 

X 

m 

o 

oo 

in 

CM 

o 

p 

O' 

ao 

p- 

p 

X 

in 

4 

4 

m 

(M 

CM 

H 


o 

O 

O' 

O' 

ao 

00 

p 

p 

p 

X 

x 

tn 

in 

in 

4 

4 

* 

ro 

ro 

m 

m 

CM 

CM 

CM 

CM 


oo 

03 

co 

00 

co 

oo 

CO 

00 

co 

OO 

00 

CO 

oo 

co 

co 

p 

p 

p 

p- 

p 

p 

p 

p 

p 

p 

p 

p 

p 

p 

P 

p 

P 

p 

p 

P 

p 

P 

P 

p 

x 

x 

x 

x 

x 

x 

X 

X 

>0 

X 

X 

x 

>0 

X 

X 

X 

x 

x 

X 

x 

x 

x 

>0 

X 

x 

X 

x 

*0 

x 

X 

X 

X 

>0 

>0 

x 

>0 

X 

>0 

x 

• 

. 

a 

* 

• 

. 

. 

. 

* 

# 

• 

. 

• 

. 

« 

a 

« 

a 

• 

• 

. 

a 

a 

• 

* 

. 

. 

. 

• 

» 

• 

« 

. 


• 

« 

• 

• 

• 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 



CM 

*4- 

X 

O' 

CM 

in 

oo 

CM 

X 

o 

in 

o 

in 

o 

in 

O 

X 

— f 

P 

PP 

O' 

s0 

CM 

CD 

in 

CM 

oo 

in 

CM 

O' 

M3 

PP 

o 

oo 

in 

PP 

O 

00 

03 

P 

X 

in 

4 

4 

cp 

CM 

CM 

—4 

*-4 

o 

o 

O' 

O' 

oo 

oo 

P 

p 

M3 

M> 

in 

in 

in 

4 

>1- 


fp 

ro 

fP 

CM 

CM 

CM 

CM 


—4 

l-H 


O 

00 

OO 

00 

co 

oo 

00 

oo 

CD 

00 

oo 

CD 

co 

CO 

p 

p 

p 

p 

P 

p 

P 

P 

p 

p 

p 

p 

p 

P 

p 

p 

P 

P 

P 

P 

P 

p 

P 

P 

P 

p 

X 

x 

>0 

X 

X 

X 

X 

>0 

X 

X 

03 

>0 

x 

x 

x 

M3 

M3 

x 

M3 

M3 

M3 

M3 

<0 

M3 

M3 

M3 

M) 

M3 

M3 

M> 

M3 

s0 

M> 

M3 

M3 

M3 

M3 

M3 

M) 

• 

• 

. 

« 

« 

• 


« 

a 

a 

• 

a 

a 


• 

a 

a 


• 


a 

a 




a 

a 

a 

a 


a 



a 

a 

a 

• 

a 

• 

o 

o 

O 

o 

o 

o 

o 

o 

o 

O 

O 

O 

O 

o 

o 

O 

O 

o 

O 

O 

o 

O 

o 

O 

O 

O 

o 

O 

o 

O 

O 

O 

O 

O 

O 

O 

O 

O 

O 


M3 

P 

O' 

CM 

in 

00 

r-4 

in 

O' 

fP 

P 

PM 

P 

CM 

P 

fp 

CO 

4- 

O 

M3 

CM 

CO 

4- 


P 

4- 

—< 

03 

n 

CM 

O' 

M3 

fP 

O 

CD 

in 

fP 

O 

CD 

M) 

in 

>4- 

sJ- 

ro 

CM 

<N 


o 

O 

O' 

O' 

00 

oo 

P 

p 

M3 

M3 

M3 

in 

in 

4- 

4 

4 

fp 

fP 

fP 

<M 

CM 

OJ 



»— 1 


O 

O 

O 

o 

O' 

CO 

CD 

co 

CO 

co 

CO 

CO 

co 

CO 

00 

p 

P 

p 

p 

P 

p 

P 

P 

P 

p 

p 

P 

P 

P 

P 

P 

P 

P 

P 

P 

p 

p 

P 

P 

P 

P 

P 

p 

M3 

M3 

M3 

M) 

M> 

M3 

M3 

M> 

M3 

MD 

M> 

M) 

M3 

M3 

M3 

M3 

M3 

O 

M3 

M3 

M3 

M3 

M> 

M> 

M3 

M3 

M3 

M> 

M3 

M3 

M3 

M3 

M3 

M3 

M3 

M3 

M> 

M3 

M3 

M3 

O 

O O 

O 

O 

O 

O 

O 

O 

O 

O 

C O 

O 

o o o 

O 

O 

O 

ooo 

O 

O 

C 

O 

O 

O 

6 o 

O 

O 

O 

OOO 

O 

O 


O CM 

4 

P 

O 

rP 

P 


in 

O' 

4 

O' 

4 

O' 

4 O M3 

CM 

CO 

4 

O 

M3 fP O' 

M3 

fp 

O 

P 

4 


co in fp o 

oo 

in rP O ao 

in 4- 

fp 

CM 

CM 


O 

o 

O' 

CO 

00 

p 

P 

M3 

M3 M) m 

in 

4 

4 

4 

fP fp CM 

CM 

CM 

fM 


r— * 

_4 

o o o o 

O' 

O' O' 

O' CO 

' co co 

oo 

CD 

ao 

ao 

CO 

co p 

p 

p 

p 


P 

P P P 

P 

P 

P 

r-~ 

P P P 


P 

P 

P 

P 

p 

r- f*- r- p 

M3 

M3 M3 

M3 MD 

M3 MD 

M3 

M3 

M3 

M3 

O 

M3 

M3 

M3 

Ml 

M) 

M3 

M3 

M3 M3 M3 

MD 

M3 

M3 

M3 

M3 M3 M3 

M) 

MD 

M3 

M3 

M3 

M) 

\0 -O 'O M 

M3 

M3 M3 

M3 M3 

O O 

O O 

O 

O 

C 

O 

O 

O 

O 

o o 

O 

OOO 

O O 

O 

O O O O 

O 

O 

O 

O 

O 

O O O O O 

OOO 

o o 


1 4 M3 00 

r-4 

in 

GO 

CM 

MD 


in c 

in o 

M3 


P CP 

O' 

in 

-4 

X 

4 -4 

X 

4 

-4 

X 

in 

fp 

O p 

4 

CM O' 

p in cm o x 

P C\J ^ 


o 

O' 

O' 

00 

XI 

p 

P 

MD M3 

in 

in 

4 4 

CP 

fp 

fP 

CM 

<N fM 

—4 

i — t 

_ 1 

O 

o 

O 

c c 

O' 

O' 

X 

X X X X P 

co co ao 

co 

co 

p 

P 

P 

p 

p 

P 

P P 

p 

p 

P P 

P 

>- 

P 

P 

P P 

p 

P 

P 

p 

p 

P 

P MD 

M3 

M3 

M) 

sO \() 

MD M3 M3 

M3 

M3 

M3 

MD 

M3 

M3 

M3 

NO 

M3 M3 

MD 

M3 

MD M3 

M3 

M3 

M3 

MD 

MD M3 

M3 

M3 

M3 

M3 

M3 

M3 

M3 M3 

MD 

MD 

MD 

\Q vQ sO '•0 'O 

O O O O 

O 

O 

o 

D O 

O 

o o o o 

OOO 

O 

O 

O 

O 

O O 

O 

O 

O 

O 

O 

O 

O O 

O 

O 

O 

o o o o o 


p O' cm in 

O' 

fp 

p 

— < 

X 

-« X 

— • X CM 

X 

4 O 

X CM 

O' 

X 

CM O' 

in 

CM O' 

p 

4 

— t 

X 

X 

fp 


O' 

X 

4 

CM O X 

-H O O O' 

X 

X 

p 

p 

X 

X X. 

X 4 

4 

IP 

rP fp 

CM CM 



-4 O 

o 

o O' 

O' 

O' 

O' 

X 

X 

X 

X 

p 

p 

p 

P P X 

X XX P 

p 

p 

p 



p p 

p p 

P 

p 

P P 

P P 

p 


p P 

p 

P X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

XXX 

X M3 X M> 

X 

X 

X 

X 

X 

X X 

X X 

X 

X 

X X 

X X 

X 

X 

X X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

XXX 

O O O O 

O 

O 

o 

o 

o 

o o 

O O 

O 

OOO 

O O 

o 

o 

o o 

o 

o o 

o 

o 

o 

6 6 o 6 

o 

o 

o 

ooo 


O' CM 

X. 

O' 

fp 

p 


X 


X 

w+4 

X CM 

X 

4 O x 

<M 


X 

CM 

O' M3 

fp 

c 

p 

X 

CM 

O' 

p 

4 PJ o 

X 

X 

(O 

— I O' p 

O' O' 

X 

N- 

p 

X 

X 

X 

X. 

4 

4 

ro CP 

fM 

fM CM -4 

1 

o 

o 

o 

O' O' 

O' 

O' 

X 

00 

X 

p 

p 

p p p 

X 

X 

X 

XXX 

1 r- r-- 


p 

p 

r- 

p 

p 

p 

p 

p 

P 

p 

p p p 

r^- 

p 

p 


X M3 

X 

X 

X 

X 

X 

X 

X 

x x x 

X 

X 

X 

X X X 

1 X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

XXX 

X 

X 

X 

X 

X X 

X ' 

X 

X 

X 

X 

X 

X 

XXX 

X 

X 

X 

XXX 

6 6 6 

o 

o 

o 

o 

o 

o 

o 

o 6 c 

o 

6 o o o 6 

o 6 

ooo 

o 

o 

o 

o 

o 

o 

ooo 

o 

o c 

0. 

0. 

0. 


1 -4 

4 

X 

(M 

X 

o 

X 

o 

X 

o 

X -4 

p 


O' 

X CM 

O' 

X 

CM 

O' 

X fp o 

p 

X 

<M 

o 

p 

X 

fp 

O CO 

X 

4 

CM 

o 

CO 

X 

I X 


X 

X 

X 

X 

4 

4 

fp 

1*0 

CM cm 

_t 


a 

o o 

O' 

O' 

O' 

30 

oo co 

co 

p 

p 

p 

p 

X 

X 

X 

x x 

X 

X 

X 

X 

4 

4 

■ p 

p 

p 

p 

p 

p 

p 

p 

p 

p 

p p 

p 

p 

p 

p p 

X 

X 

X 

X 

X M3 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X X 

X 

X 

X 

X 

X M3 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

I o o 

o 

o 

o 

o 

c 

o 

o 

o 

ooo 

o 

coo 

o o 

o 

o 

o o 

o 

o 

o 

o 

o 

o 

o 

o 

o o 

o 

6 6 

o 

o 

o 


CM 

X 

O' 4 

ao 

ro 

co 

fp 

00 

4 

o 

X 

N 

CO 

4 

-4 ao 

4 


X 

in 

CM O P 

4 

fM 

o 

p 

X 

CP 

f—4 

CO X 

4 

fp — < 

O' 

p 

X 

X 

X 

4 4 

fp 

ro 

CM 

CM 



—4 

o 

O 

O' 

O' 

O' co 

co 

ao 

p 

p 

P P X 

X 

X 

X 

IT 

X 

X 

X 

MT 4 

4 

4 4 

fp 

rn 

ro 

p 

p 

p p 

p 

P 

P 

P 

P 

p 

p 

p 

P 

X 

X 

X x 

X 

X 

X 

X 

X M3 X 

X 

X 

X 

M3 

X 

X 

X 

X X 


X X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

>c 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X M3 X 

X 

X 

X 

X 

X 

X 

X 

O X 

X 

X X 

X 

X 

X 

1 o o 

o o 

o 

o 

O 

o 

o 

o 

o 

o o 

o 

ooo 

o o 

o 

o 

ooo 

o 

o 

o 

o 

o 

o 

o 

o c 

o 

o o 

o o 

o 


• CM 

X 

— * 

X 

o 

X 

o 

X 

^4 

p 

fp 

O' X 

fM 

O' 

X 

rO 

o 

p 

4 


00 X 

*n 

—1 

O' 

X 

4 

fM 

o 

ac 

X 

4 

CM 

^4 

O' 

r- 

X 

4 

4 

fp 

fp 

CM 

CM 



o 

o 

O' 


ao co 

CO 

N* 

p 

p 

p 

X 

X 

X 

x n 

X 

UP 

4 

4 

4 

4 

4 

ro 

fp 

ro 

fP 

fp CM 

CM 

fM 

CM 

■ P 


p 

P 

p 

p 


p 

p 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X M3 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

: X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X X 

X 

X 

X M3 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

i O 

o 

o o 

o 

o 

o 

o 

o 

o 

o 

o o 

o 

o 

c 

o 

c 

o 

o 

o 

o o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

O O 

o 

o 

o 

o 

o 


CM 4 X GO 

O 

fM 

4 

X 

oo 

O 

CM 4 

X 

co 

o 

CM 


X 


c 

CM 

4 X 


o 

CM 

4 

X 

X 

o 

fM 

4 

X 

CD 

o 

PM 

4 

X 


k. r*- r*» 

00 

00 

co 

00 

X 

O' 

(T C* 

O' 

O' 

o 

c 

c 

o 

o 



— ^ —4 



<\J 

<N 

rj 

■M 

r " 




c* 


<r 

'T 

N*" 












~4 

—4 

r—4 



<—4 

—4 

— * —4 


—4 




—4 

i—4 

— 4 

—4 

— * 

4—4 


— < 

—4 


i—4 


127 


150 0.6622 0.6634 0.6645 0.6655 0.6666 0.6676 0.6686 0.6696 0.6705 0.6715 0.6724 


o 

o 

CO 


-i o o o o 
^ m pg h o 
o o o o o 

i«iii 

o o o o o 


-h rg g m oo 

O' co r- x in 

O' ^ O' 

X <3 X X X 

• • • • • 

o o o o o 


o ro x cp rg 

m g ro cnj rg 

O' O' O' O' O' 

g} ^ g) ^ 

# • • • • 

o o o o o 


X O g oo ro 
*-♦«-* O O' O' 
O' O' O' CO CO 

X X X X X 

I I * * • 

o o o o o 


p- <m p- rg r- 

co ao p» p- x 

co oo oo co co 

X X X X X 

• • • • • 

o o o o o 


rg co g O' in 

>o ir\ in g- ^ 

CO CO co co CO 

sO *0 >0 O '•O 

• t • • • 

o o o o o 


^ n pi i7"^ 
g ro m rg r\i 
oo oo co co oo 
>o x gj ^ x 

• • • • • 

o o o o o 


rg O' tn oj co 
rg — * *■* O 

CO CO CO CD CO 

O vO >o o o 

• • ■ * • 

O O o O O 


r-4 

o 

o 

o 

o 


rg 

g 

x 

00 

o 

ro 

X 

O' 

ro 

p- 

_» 

in 

O' 

g 

X 

m 

X 

m 

O' 

g 

o 

in 


r- 

ro 

O' 

in 

.-* 

X 

g 


p- 

g 


ro 

rg 

*—• 

o 

O' 

00 

r- 

X 

in 

g 

g 

ro 

rg 


«— * 

o 

o 

O' 

X 

X 

r- 

p- 

X 

x 

in 

in 

in 

g 

g 

ro 

ro 

rg 

rg 

rg 

•M 

•— i 


o 

o 

o 

O 

O 

o 

o 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

co 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

p- 

p- 

p- 

p- 

x 

x 

>0 

x 

X 

x 

x 

x 

X 

x 

x 

go 

go 

go 

>0 

X 

X 

>0 

x 

x 

x 

go 

x 

go 

x 

go 

go 

X 

X 

go 

go 

go 

go 

go 

go 

go 


• 


• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



. 


• 

• 

• 

• 

• 

• 


• 

• 

• 

* 

• 

• 

• 

• 

« 

• 

• 

• 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 


s 

§ 

W 

« 


tn 

O 

CO 

W 

i—i 

cS 

w 

CX, 


s 


o 


S 

< 


Q 

O 


w 

as 

H 


T3 

QJ 

3 


G 

O 

o 


tt 

w 

1-1 

CQ 

< 



o 

O' 

O' 

O' 

O' 

o 

rg 

>4- 

go 

X 

o 

ro 

go 

o 

g 

r» 


go 

o 

m 

O' 

>4- 

O' 

in 

o 

m 


r- 

ro 

O' 

in 


p- 

m 

o 

go 

m 

o 

X 

m 

rg 

o 

O' 

X 

p- 

r- 

g> 

in 

g 

ro 

ro 

rg 

— « 

«— < 

o 

O' 

O' 

X 

X 

r- 

go 

x 

in 

in 

n 

>4* 

>4- 

m 

m 

rg 

rg 

rg 

I—I 



o 

O 

o 

O' 

O' 

o 

o 

O' 

CT 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

r- 

r- 

r- 

r- 

go 

go 

go 

go 

go 

go 

go 

go 

go 

go 

go 

go 

go 

go 

go 

X 

go 

go 

go 

go 

go 

go 

g> 

go 

go 

X 

go 

X 

X 

X 

X 

go 

go 

go 

go 

X 

X 

go 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 


O' 

X 

X 

X 

O' 

o 


ro 

in 

X 

o 

ro 

r- 

o 

>4- 

X 

rg 

go 

_4 

in 

o 

in 

o 

go 

—4 


rg 

X 


o 

X 

X 

O' 

X 

rg 

X 

X 

rg 

o 

X 

o 

O' 

X 

r- 

go 

go 

X 

>4- 

ro 

rg 

rg 


o 

o 

O' 

X 

X 

r- 

r- 

go 

go 

X 

in 


g- 

X 

X 

rg 

rg 

r\J 


<— f 

o 

o 

o 

O' 

O' 

O' 

X 

X 

o 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

r- 

r- 

r- 

r- 

r- 

r- 

go 

go 

go 

go 

go 

go 

go 

go 

vfi 

go 

go 

go 

go 

go 

go 

go 

X 

go 

go 

go 

go 

go 

go 

go 

go 

go 

go 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

• 


• 

• 

• 

• 

• 


• 

« 

• 

• 

• 

• 

• 


■ 






. 

• 

• 


« 

• 

• 

• 

• 

« 

• 

• 

• 

• 

« 

• 


• 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 


r- 

X 

X 

r- 

X 

O' 

o 

rg 

X 

r- 

o 

m 

X 

o 

>4- 

X 

rg 

p- 


X 


X 


p- 

rg 

X 

•g- 

o 

X 

rg 

X 

>4- 

o 


X 

o 


■4- 

»— < 

r- 

O 

X 

r- 

X 

X 

-4- 

^4- 

ro 

nj 

p— < 


o 

O' 

O' 

X 

r- 

p- 

X 

X 

X 

X 

-4- 

o- 

X 

m 

rg 

f\J 

—4 



o 

o 

o 

O' 

O' 

O' 

X 

ro 

ro 

p^ 

o 

O' 

O' 

o 

O' 

o 

O' 

O' 

O' 

O' 

O' 

O' 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

p- 

px. 


p- 

p- 

p* 

p^ 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

o 

o 

o o 

o 

o o 

o c 

o 

o 

O O o o 

o 

o 

o 

o 

o 

o 

o 

o 

o 6 

o 

o o 

o 

o 

c 

o 

o o o 

o 

o 

o 

o 

o 


X 

X 

X 

X 

X 

p» 

O' 

-* >4- 

X 

O' 

X 

X 

o 

-!■ 

ro 

rg 

p- 

— < 

X 


X 

rg 

r- 

X 

O' 

<4- 

o 

p» 

X 

O' 

X 

rg 

CO 

X 

rg 

o 

X 

rg 

O' 

oo 

p- 

X 

X 


X 

rg 

rg ^ 

o 

O' 

O' 

CO 

ro 

P^ 

X 

X 

X 

X 

-4- 

<r 

X 

X 

rg rg 



1 —4 

o 

o 

O' 

O' 

O 

ro 

ro 

ro 

p- 

r~ 

r- 

X 

O' 

O' 

O' 

O' 

o 

O' 

O' O' O' 

o 

co 

oo 

ro 

ro 

oo 

ro 

ro 

ro 

ro 

CO 

co 

ro 

ro 

ro 

oo 

ro 

ro 

ro 

co 

ro 

p- 

p- 

p- 

p- 

p- 

h- 

p- 

p~ 

r* 

r- 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

o 

o 

D 

o 

o 

o o 

O C 

o 

o o 

o 

o 

o 

o 

o 

o 

D 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o o 

o 

o 

o 

o 

O 


X 

rg 

X 

X 

gf- 

X 

oo 

o 

rg 

X 

CO 

rg 

X 

CT 

X 

p- 

rg 

p- 

r-t 

X 


r~ 

rg 

CO 

X 

O' 

X 


p- 

gp 

o 

X 

X 

O X 

X o 

r- 

•g- 


r- 

X 

X 

g 

X 

rg 

r~4 

r— * 

o 

o 

co 

CO 

r- 

X 

X 

X 

X 

<r 


X 

X 

rg 

rg 

r— < 


o 

o 

o 

O' 

O' 

O' 

ro 

CO 

CO P- 

p- 

p- 

X 

X 

X 

O' 

O' 

O' 

O' 

CP 

O' 

rp 

O' 

O' 

co 

co 

co 

ro 

ro 

ro 

ro 

ro 

ro 

CO 

ro 

C0 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

>. 

p- 

p- 

p- 

p» 


p- 

p- 


r* 

p* 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

o 

o 

o 

o 

o 

o 

o 

o o 

o 

o 

o 

O 

6 o 

o 

O 

o 

o 

O 

o 

o o 

o 

o 

o 

o 

o o 

o 

o 

o 

o 

o o 

o 

o 

o 

o 

o 


o 

o 

o 

— t 

rg 

•g- 

X 

ro 

-4 

gp 

p- 

^4 

gp 

co 

rg 

p» 

—4 

X 




p~ 

rg 

ro 

xp 

c 

X 

rg 

oo 

>4- 


p^ 

n4- 


00 

gp 

—4 

00 

X 

ro 

X 

X 

gr 

X 

rg 


o 

O' 

O' 

ro 

p- 


x x 

X 

gp 

■g- 

X 

X 

rg 

rg 

~-4 

1 

o 

o 

o 

o 

O' 

ro 

ro 

ro 

p- 


p» 

X 

X 

X 

IT. 

X 

X 

O' 

O' 

c* 

O' 

O' 

C' 

C?' 

ro 

cC 

ro 

ro 

ro 

ro 

co 

CO 

ro 

ro 

< ) 

ro 


ro 

ro 

ro 

ro 

CO 

ro 


r*- 

r- 

p- 

p- 

p^ 


p- 

p~ 

p- 


P- 

p- 

p- 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

o o 

o 

o 

o 

o 

o o 6 

o 

o 

o 

o 

o 

o 

o 6 

o c 

O 

o 

o 

o 

o 

o 

6 6 

o 

o 

o 

o o 

o 

c 

o 

o 

o 

o 

o 

o 


p^. 

r- 

p- 

ro 

o 

rg 

■g - 

X O' 

rg 

X O' 

ro 

r*- 


X 


X 


X 

_( 


rg 

ro 

gf 

o 

X 

rg 

O' 

X 

rg 

00 

X 

rg 

O' 

X 

ro 

o 

p* 

gp 

NP 

ro 

rj 

i—f 


O O' 

ro 

p~ 

p- 

X X 

X 

gp 

Np 

ro 

ro 

rg 

rg 

—4 


O 

o 

O' 

O' 

O' 

on 

ro 


p*. 

r- 

X 

X 

X X 

X 

X 

X 

>p 

gp 

CP 

O' 

O' 

O' 

O' 

CP 

co 

ro 

ro 

ro 

ro ro 

co 

ro 

ro 

ro 

ro 

ro 

CO 

ro 

ro 

ro 

ro 


P- 

p- 

p«- 

p~ 

Ps. 


p- 

p- 

r- 


p- 

p^ 

p- 

p- 

r- 

r- 

X 

X 

X 

X 

X 

o 

X 

X 

X 

X 

x x 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o o 

o 

o c 

3 

o 

O 

c 

o 

o 

c 

c 

O 

o 

o 

o 

o 

c 

o 

c 

o 

o 

o 

o 

o 

o 

o 

o 

O 


ro. 

ro 

gp 

X 


O' 


gp 

p» 

o 

gp 

co 

rg 

X o 

X 

o 

X 

o 

to 


X 

rg 

ro 

Np 

o 

X 

rg 

CP 

X 

rg 

r* 

X 

rg 

CP 

X 

ro 


oo 

X 

ro 

rg 



o 

O' 

ro 

JO 

p- 

X 

X 

X 

gp 

gp 

ro 

ro 

rg 

nj 


»— 4 

o 

Q 


CP 

co 


ro 

p- 

p- 

nT 

X 


X 

X 

X 

Np 

g- 

g- 

■g 

ro 

ro 

O' 

o 

O 

O' 

ro 

co 

ro 

co 

ro 

oo 

CO 

00 

CO 

ro 

ro 

ro 

ro 

00 

co 

cr» 

ro 

p~. 

r- 

fv 


p- 

p- 

Nm. 

p- 

r» 

P- 

p- 



r» 

p* 

p- 

p- 

K 

p^ 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

3 

o 

o 

3 

o 

o 

o 

o c 

c 

o c 

O 

o 

o 

o 

o 

o 

c 

o 

o 

o 

o 

o 

o 

o 

c 

O 

c 

o 

c 

o 

o 

o 

o 

3 

Q 

o 

o 

o 



o 


rg 

gp 

X 

O' 

— i 

X 

ro 

rg 

o 

O 

g 

CP 

ro 

ro 

ro 

O' 


o 

, r 


p- 

ro 

o 

X 

rg 

CP 

X 

rg 

rp 

X 

ro 

o 

p- 

g 


O' 

X 



o 

CP 

00 

f*-* 

X 

X X 

gp 

NP 

ro 

ro 

rg 



o 

o 

CP 

CP 

CP 

ro 

oo 

p- 


p- 

X 

X 

X 

X 

•X 

g 

g 

g 

g 

ro 

ro 

ro 

rg 

rg 


O' 

O' 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

X 

x> 

ro 

ro 

<ro 

ro 

00 

p- 

fK. 

K- 

PN» 

p~ 



p- 



fN- 




p- 

p» 

P“ 



p- 

p- 

p- 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 


X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

o 

c 

o 

o 

o 

o 

o 

o 

o 

o 

o c 

o 

o 

o 

o o 

c 

c 

o 

o 

c 

o 

O 

o 

c 

o 

o 

C 

c 

o 

c 

c 

o 

o 

o 

o 

O 

o 

o 


oT 

Sh 

5 

§2* 






0 ) 


c m g 

p- -- r*. 


o M vf c t O rg g x co 

co oo co co co O c* pt* O' (p 


X X 

O 3 


C r\j g x X 



c. rg g x x 

rg rg rg rg -g 


C rg g 
fT ro ro 


X X 
ro ro 


O M g gj x 

g sf sf ^ 


128 


150 0-6724 0-6733 0.6741 0.6750 0.6758 0.6766 0.6775 0.6782 0.6790 0.6798 0.6805 



Plenum pressure, N/rn xlO 


100 

cm O' in fM cr 

M H ^ -4 O 

^ ^ 'O *o 

'O O 'O 'O 'O 

'Omoooin 

o O o O' O' 

43 4) 43 in in 

<0 <o 4) s0 

ro O' f- in 

O' O' CO 00 co 

in m in in in 

•<G >G *0 < 3 43 

m *-* o a> 4> 

® ® p p p 

in in in in in 

43 43 43 43 43 

in m (\i h p 

N p p P ^ 

in in in in m 

4) 'O 'O 'O 'O 

00 P- 43 rP 

43 43 43 43 43 
m in in in in 

43 43 43 43 43 

CM O 00 43 4 

43 43 UP UP UP 

in up up in up 

»0 'O >0 >0 4) 

rP^oO'r- 
in in in 4 4 
in in up up tn 
43 43 43 v0 nO 


ooooo 

ooooo 

o o o o o 

o 6 6 6 o 

o O o o o 

O 6 6 O O 

o o o o o 

06660 

06 

•— * CO 4 •"■< CO 
>—<0 0 0 0' 
43 43 43 43 UN 
*0 <D *0 43 'O 

o n ^ ® o 

O' O' O' CO CO 

in in in in in 

vO 4) >0 >0 

•4- CM O 00 43 

® ® ® P P 

in in in in in 

43 nO 43 40 >0 

in co c\j o O' 

P P P p iO 

in in in in in 

^ ^ ^ 

P- 43 IT. rp 04 

43 43 43 43 43 

in tn in in in 

4) 4) 43 43 43 

O 00 P 43 

4) 43 in in in 

up in up up in 

43 43 4) 4) 43 

4) 4 CM O O' 
UP UP UP UP 4 
up up up up in 
'O 'O >o »o 

P- 43 UP rp CM 

4 4 4 4 4 

in in in up in 

4) 43 4J 43 43 


ooooo 

o o o o © 

O o O O o 

C3 O O O O 

O O O O O 

O O O O O 

o o o o o 

OOOOO 

o 

oo 

O' »o fO O CO 

O O' O' O' 00 

in ip in in in 

43 4) 4) 43 43 

in cp O' ro- 

coco co r-* c- 
in in to in in 
■O' o *o *0 nO 

in rp -< o ao 

r — p- i — r — 40 

in in in in in 

4) \0 'O 'O 'O 

43 in ^ PJ o 

4) \Q sQ \Q 

in in in in in 

\Q \Q sO nO 43 

O' 00 p- 43 in 

in in in in in 

in tn in in in 

43 43 43 43 43 

4 P PJ O 

in m up up up 

in up in in in 

43 43 43 4) 43 

O' 00 43 UP CP 

4 4 4 4 4 

UP UP UP UP UP 

43 43 43 43 43 

cm — * O' 00 

4 4 cp rp pp 

UP UP UP UP UP 

4) 43 4) 43 >0 


O O O O o 

ooooo 

ooooo 

O O O O O 

O O o o O 

O O O O O 

o o o o o 

OOOOO 

70 

N 4 (\l O' ^ 
oooooor-r- 
tn. in in in in 

>0 43 43 4) 4) 

in m cr r- 

P- P- 1 — 4) ^0 

in in in in in 

43 4> o o 43 

® 4 N o P 

sO O 43 43 in 

in in in in in 

43 >0 43 'O 

oo 4) in m 

in in in in in 

in in m in in 

43 43 43 43 43 

NHOPffl 
inininvj-4- 
tn un in in in 
43 'O 4 43 4 

p-43insf-4 
'i” 4f vT 

up in in in in 
>0 n *0 "Q nO 

OP—'OO'P- 
4 4 4 rP OP 

up in in in in 
>0 43 43 43 

43 UP 4 PP N 

CP rP rP rP fP 

in in in up in 

^ vO ^ 


o o o o o 

o o o o o 

o o o o o 

O O O O O 

o o o o o 

o o o o o 

o o o o o 

OOOOO 

09 

ip m o eo o 

r- r- t*- 4) 4> 

in in in in in 

■O 'O 43 vO 'O 

4fMOffll^ 
43 43 43 in in 

in in in in in 

43 43 43 43 43 

in 4 p (M o 

in in in in in 

in in un in in 

43 43 43 43 43 

O' oo r- 43 tn 

m in in in in 

O 43 43 'O 43 

op CM -i -< 

't - ^ ^ ^ 

in in in in in 

'O 'O 43 ^ 43 

O P ® ffl p 

■4- rp rP rp rp 

in up in in in 

43 'O 43 43 43 

43 UP 4 CP CM 

rp OP fP fP rr> 

up in up in in 

O >0 >0 43 O 

ho O'® N 
CP fp fM fM CM 
in up up tn up 
43 43 sO 43 43 


o o o o o 

o o o o o 

ooooo 

o o o o o 

o o o o o 

O O O O o 

o o o c o 

oooco 

50 

CM O a0 43 4 

43 4) in in in 

in in in in in 

*Q >0 43 vO 43 

p -1 o oo s 
irurun 4 4 
in in in m in 

43 4) 43 43 43 

43 in 4- rp nj 

in in in in in 

43 43 43 43 43 

^ O P CD S 

vj- ^ rP rp rP 

in in in in m 

43 43 43 43 ^0 

43 in in ^ rp 

fP rp OP fP rP 

in in in in in 

<0 'O *0 43 43 

rp 04 —i o 

PP rP PP rP fp 

up up in tn in 

'O vO 43 43 4 

O O' oo 0- 43 

rP 04 CM 0M PJ 

UP UP UP UP UP 

43 43 43 43 43 

UP 4 fp rp CM 

(M CM fM CM CM 

up in up in up 

43 43 43 43 43 


o o o o o 

o c o o o 

O O O O O 

O C O O O 

O O O D O 

o o o o o 

O O O O O 

OOOOO 

40 

O' h- o 4 n 

4- 4- >3“ 4- 4 

m in in m in 

sC 'O ^ 'O 43 

NO O' ® N 

4 4j- m m cp 

in in in ; n in 

43 4) 43 43 43 

43 in 4" fp CP 

fP rP fp rP cp 

in up m in m 

'C sO 'O 43 43 

04 ^ o a O' 

rp fp rp rP 04 

tn in up m in 

'O 'O 43 >0 >0 

oo CO P* 43 43 

PJ CM CM 04 PJ 

in un op in in 

43 43 43 4 

in n. 4 4 rp 

CM CM 04 04 og 

in in up in un 

43 43 4) 4) 43 

rp nj — « — < O 

N (M (NJ PJ CM 

in up up in up 

43 •O 43 43 43 

O' 00 co r— t— 

in up up up up 

43 43 43 43 43 


o o © o o 

o © o o o 

O O O o O 

O O O O O 

o o o o o 

O O O O O 

o o o o o 

OOOOO 

30 

4> in >4 nj — • 

rp rp cp ro «p 

in in m in m 

'O o >c >c 

OG'O'QOP- 
®(M <M rg CJ 

in m m un in 

43 43 43 43 43 

43 in in 4 fp 

Psj CM Psj r\j OJ 

in up. n m in 

43 43 43 43 43 

rp 04 P4 — 1 

f\J 04 PJ Psj 04 
in in up. it. up 
43 'O *C 43 43 

O O O' O' co 
<nj rsj — i — * — « 
up in in in un 

43 43 43 43 43 

co oo o- r- 43 
■n in in n m 

sO s O ^3 

43 m in 4 4 

in in up in in 

sO pO pO >0 vO 

rP cp cm fM — 1 

in in in it m 

43 43 43 43 43 


o o o o o 

o o o o o 

O O O O O 

O o o o o 

O O C O O 

o o o o o 

o o o o o 

OOOOO 

20 

m r\i -4 o c 

fM cm fM fM cm 

in in up up in 

'O nD 43 'O 43 

O'occop-r- 
in m un m up 

43 43 43 43 40 

o 'O n in 4 

un un ip. in m 

sO 43 >0 vO 'O 

4 p m p n 

in ® in in in 

O 43 43 43 43 

ru Psi 

■— < — * <— < — - < 

in m in n in 

43 43 43 43 43 

C O O O O' 

in in in in un 

43 43 43 43 43 

cr O' cc co oo 

o c o o o 

up up n in 'n 

43 43 43 43 'O 

S N N- vC 4) 

OOOOO 
in in m m up 

43 43 sC 43 43 


oooco 

ooooo 

O O O O O 

o o o o o 

O O O o o 

O O O O O 

O O o o o 

OOOOO 

10 

O' O' CO CO N 

o o o o o 

m in n in in 

43 43 43 43 43 

r- r- P- O 43 

o o o o o 

m m in in in 

>0 .*0 nO ^0 'O 

43 n m in m 

O O O O O 

in m in in m 

43 43 43 43 43 

m 4 ^ 'J- 4 

o o o o o 

n n n nn 

43 4 43 43 43 

sj- rp CP rP rp 
O O C O O 
in in in tn in 
43 4) 43 43 43 

rP o*. -P rp om 

C O O O o 

in. m in up in 

43 43 43 O 43 

(Pj pi m r\i -i 

c o c o o 

n. in up in in 

43 43 43 43 43 

OOOOO 
tn in up n in 
O ^ 'C 'C 43 


o o o c o 

c © o o o 

O O O O o 

o o 6 o o 

o o o o o 

o o o o o 

o a © O O 

OOOOO 

o 

•n m in up. in 

O' O' O' O' o 

4 4 4 4 4 

<5 >0 '■O sC 'O 

up tn in m. in 

O' O' O' O' O' 

4 4 4 4 4 

43 43 4) 43 43 

in m in m tn 
O' O’ O' O' O' 
vT>t<f-4“vJ- 
43 43 43 43 43 

m un m in in 

O' P P P P 

43 43 4 43 43 

in in in in in 

O' O' O' O' O' 

st ** -* 

43 43 43 43 43 

un in. in in un 

O' O' O' O' O' 

4 4 4 4 4 

43 43 O 43 sC 

up in in in up 

O' O' O' O' O' 

4 4 4 4 4 

43 43 43 43 43 

n up up up in 
6 0 0 O' O' 
44444 

43 4? 43 43 43 


ooooo 

c a O O O 

O O O O O 

O C O o o 

c a o o o 

o o O O o 

o o © o c 

OOOCO 

oT 

1 m 

03 

C in o in c 
n in *c o p- 

in c tn o m 
N ffO P P 

o m o in c 

O C — 1 — • 1 PnJ 
rsj “N rv nj pj 

in c m o in 
og-r'P'4-4- 

04 *s.' M M M 

o in c -n o 

iT'P 4'C s - 
PO N 04 CM PJ 

up o m o m 

P =0 ® P c* 

PJ .PJ M -PI PJ 

c o c o e 

rp -O -OP rP 

c-oooo 
up 4 > r- co o 

f ff. P *T P 



o> 


129 


0.6495 0.6501 0.6506 0.6511 0.6516 0.6521 0.6526 0.6531 0.6536 0*6541 0.6546 


TABLE n. - Continued. THERMODYNAMIC PROPERTIES OF HELIUM 
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TABLE H. - Continued. THERMODYNAMIC PROPERTIES OF HELIUM 
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400 0.7415 0.7411 0.7407 0.7403 0.7399 0.7395 0.7391 0.7387 0.7383 0.7379 0.7375 


(f) Plenum compressibility factor. 
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TABLE H. - Continued. THERMODYNAMIC PROPERTIES OF HELIUM 
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Plenum pressure, N/m^xlO 
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(g) Continued. Plenum enthalpy, H Q /R, K 
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For these cases, the entropy function is that of gaseous helium whose pressure is 1x10 N/m and whose compressibility factor is 1* 
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A 1 99 6.3193 6.2274 6.1428 6.0644 5.9914 5.9232 5.8592 5.7988 5.7418 5.6878 
5060 6.4055 6.3137 6.2292 6.1508 6.0779 6.0096 5.9456 5.8852 5.8281 5.7740 
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150 8.7781 8.6811 8.5924 8.5107 8.4349 8.3643 8.2981 8.2359 8.1771 8.1214 8.0686 

e n 

'For these cases, the entropy function is that of gaseous helium whose pressure is 1x10 N/m and whose compressibility factor is 1. 
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<*00 15.8551 13.5522 L2.8587 12.4529 12.1649 1U9414 11.7588 11.6043 11.4704 11.3523 11.2466 

c o 

'For these cases, the entropy function is that of gaseous helium whose pressure is lxlO 3 N/m 4 and whose compressibility factor is 1. 
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TABLE n. - Continued. THERMODYNAMIC PROPERTIES OF HELIUM 
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TABLE H. - Continued. THERMODYNAMIC PROPERTIES OF HELIUM 
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TABLE n. - Continued. THERMODYNAMIC PROPERTIES OF HELIUM 
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Plenum pressure, N/nrxlCT 
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